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GENERAL INTRODUCTION 
This dissertation focuses on the geochemistry and origin of gold and silver telluride 
mineralization at the Gies mine, Montana, where gold and silver telluride-bearing quartz 
veins occur along the contact between Cretaceous-Tertiary alkaline intrusive rocks and a 
sequence of sedimentary rocks of Cambrian to Cretaceous age. 
Gold and silver telluride mineralization is most common in mesothermal deposits of 
Archean age (e.g., Kalgoorlie, Australia (Markham, 1960; Nickel, 1977), and Sigma, 
Canada (Robert and Brown, 1986)), and epithermal deposits of Tertiary age (e.g., 
Cripple Creek, Colorado (Thompson et al., 1985), Emperor, Fiji (Ahmad et al., 1987) 
and Little Rocky Mountains, Montana (Wilson and Kyser, 1988)). Although most 
epithermal gold deposits were genetically related to the circulation of meteoric water 
(Taylor, 1979; Ohomoto, 1986), there is considerable evidence that some components of 
epithermal gold-silver telluride deposits were derived from igneous source(s) (Porter and 
Ripley, 1985; Saunders and May, 1986; Ahmad et al., 1987). The relationship between 
the supposed igneous source and gold mineralization, however, is unclear. 
In considering the potential source of the ore-forming fluids, the Gies deposit 
provides an excellent opportunity to evaluate the genetic relationship between magmatic 
alkaline intrusion and gold-silver telluride mineralization. The possible contribution of 
magmatic and/or other components (e.g., meteoric water) to the ore-forming fluid will be 
assessed, and the origin and the physical and chemical conditions of the gold-silver 
telluride formation will be determined. 
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These objectives have been accomplished by geological, mineralogical and 
geochemical studies. More specifically, a mineralogical study of vein and associated 
altered rocks (reflected and transmitted light microscope and electron microprobe) was 
done to identify complex minerals and mineral assemblages, and to establish their 
paragenetic sequence; a fluid inclusion study of quartz associated with mineralization was 
undertaken to determine the temperatures, compositions and salinities of the ore-forming 
fluids; sulfur, carbon, oxygen and hydrogen isotope studies of the ore and the vein 
minerals were obtained to determine sources and their origin; a major and trace element 
study of the alkalic intrusive rocks and the altered rocks was done to determine the 
geochemical nature and origin of the alkalic complex and to establish the geochemical 
relationship between intrusive rocks and mineralization; and a thermodynamic study of 
Au-Ag tellurides and Cu-Fe sulfîdes to determine physical and chemical conditions of 
gold-silver telluride mineralization at the Gies mine. 
Despite the relatively common occurrence of gold and silver in many types of 
deposits, studies concerning the geochemical behavior of aqueous tellurium species and 
the stability of gold-silver tellurides at temperatures appropriate to the formation of these 
deposits are limited (D'yachkova and Khodakovskiy, 1968; Ahmad et al., 1987; Jaireth, 
1991). The present work employs the "principle of balance of identical like charges" 
method of Murray and Cobble (1980) and Cobble et al. (1982) to calculate equilibrium 
constants of reactions in the system Te-O-H at elevated temperatures. These constants 
are subsequently used to calculate equilibrium constants of the reactions in the systems 
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Au-Te-Cl-S-O-H and Au-Te-Cl-S-O-H for the temperature range 150°-300°C. 
Log f02-pH diagrams have been constructed for these systems and compared with those 
constructed previously by D'yachkova and Khodakovskiy (1968), Ahmad et al. (1987), 
and Jaireth (1991). Conditions affecting the precipitation of calaverite (AuTe2) and 
hessite (Ag2Te) are also discussed. 
Log f02-pH diagrams are commonly used to show sulfide mineral stabilities in the 
hydrothermal environment and to determine physical and chemical conditions of 
hydrothermal mineralization (Barton and Skinner, 1979). In an effort to facilitate the 
construction of these diagram, computer programs have been developed to: (1) calculate 
the equilibrium constants of the reactions involving mineral, gaseous and aqueous species 
at elevated temperatures; and (2) calculate equilibrium boundaries of mineral reactions in 
the system Cu-Fe-S-O-H, the solubilities of barite and calcite, and the sulfur isotopic 
distribution in log f02-pH space at elevated temperatures. These log f02-pH diagrams 
can be used to constrain conditions of formation of common minerals in the hydrothermal 
environment. 
Explanation of Dissertation Format 
The dissertation consists of three papers; (I) Mineralogical, fluid inclusion, and 
stable isotope studies of the Gies gold-silver telluride deposit, Judith Mountains, 
Montana; (II) aqueous tellurium speciation and the stability of calaverite and hessite at 
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elevated temperatures; and (III) mineral stabilities and sulfur isotope distribution in 
log f02-pH space at elevated temperatures. Papers I and II will be submitted to the 
Journal of Economic Geology, whereas paper III will be combined with appendices as a 
user manual that will accompany a software notice to be submitted to American 
Mineralogist. According to the requirement of these journals, figures are separated from 
the main text. Following paper III is a general summary of the dissertation. References 
cited in the general introduction are listed following the general summary. 
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PAPER I 
MINERALOGICAL, FLUID INCLUSION, AND STABLE ISOTOPE STUDIES 
OF THE GIES GOLD-SILVER TELLURIDE DEPOSIT, 
JUDITH MOUNTAINS, MONTANA 
6 
INTRODUCTION 
The Gies gold-silver telluride deposit is one of several epithermal precious metal 
deposits in the central Montana alkalic province. This province, which was first 
identified by Pirsson (1905), consists of alkalic igneous rocks that are exposed in 12 
isolated mountain ranges west of the Rocky Mountains (Figure 1). Gold-silver telluride 
mineralization is associated with these alkalic igneous rocks, particularly in the Zortman 
and Landusky deposits. Little Rocky Mountains (1,250,000 oz Au), Kendall deposit. 
North Mocassin Mountains (790,000 oz Au), and the Gies, Maginnis, Spotted Horse, and 
Gilt Edge deposits, Judith Mountains (approximately 250,000 oz Au) (Garverich, 1991; 
Kurisoo, 1991; Russell, 1991). 
The Gies deposit is located at the foot of Elk Peak in northeastern Judith Mountains, 
approximately 15 km from Lewistown (Figure 2). Gold was first discovered in the area 
in the 1880's by V. Gies. However, only limited mining took place between that time 
and when it was re-opened in 1985 by Blue Range Engineering Company. The mine was 
subsequently closed in 1991 due to public environmental concerns. The average gold 
grade is 0.4 oz/ton. However, some areas in the deposit contain spectacular grades of up 
to 400 oz/ton where coarse sylvanite is present. The Au:Ag ratio varies from 1:10 to 
1:20. 
The primary purpose of this study is to utilize major and trace element, mineralogical, 
fiuid inclusion, stable isotope, and thermochemical studies to characterize the 
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mineralization and the associated alkalic igneous host rocks, and to construct a 
geochemical model for the formation of the Gies deposit. 
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GEOLOGY OF THE JUDITH MOUNTAINS 
The Judith Mountains are a composite of domed structures trending in a general NE-
SW direction for a distance of 30 km that vary in width from 5 to 12 km (Figure 2). 
They lie along a lineament, the surface expression of which is the Cat Creek normal 
fault, that is one of several W-NW-trending fault zones to form part of the so-called 
Lewis and Clark lineaments of Montana (Smith, 1965). The intersection of this 
lineament and a N-NE trending structural trend from the Big Snowy Mountains may have 
controlled the emplacement of alkalic igneous rocks in the Judith Mountains (Kohrt, 
1991). These late Cretaceous to Tertiary age igneous rocks intruded a sequence of 
sediments of Cambrian to Cretaceous age that dip at 25° to 50° away from the intrusives. 
The sedimentary sequence in the Judith Mountains was recently divided into 15 
stratigraphie units by Goddard (1988). At the base of the sedimentary sequence are two 
unnamed Middle to upper Cambrian units which have only limited exposure around the 
alkalic intrusive domes. The lower unit ( S f) is composed of pale-yellow to brown 
quartzite and the upper unit (Gu) consists of thin bedded limestone and calcareous shale. 
The Jefferson Formation (Dj) of Upper Devonian age consists of dolomite and 
conformably overlies the Cambrian units. Stratigraphically above the Jefferson 
Formation is the Madison Group (Mm) of early Mississippian age which is made up of 
thin bedded limestone (lower part) and massive limestone (upper part). The overlying 
Upper Mississippian Big Snowy Group (Mbs) consists of three formations: the Kibbey 
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Formation (Mk) composed of fine-grained sandstone and red shale, the Otter Formation 
(Mo) of thin-bedded limestone and shale, and the Heath Formation (Mh) of shales with 
thin beds of limestone. The overlying Upper Jurassic Ellis Group (Je) consists of shale, 
limestone, and gypsum at the bottom, and sandstone at the top. The Upper Jurassic 
Morrison Group (Jm) contains shale and sandstone with a thin coal bed at the top. 
Five units of Cretaceous age were identified by Goddard (1988) and are the Kootenai 
Formation (Kk), the Colorado Shale (Kc), the Telegraph Creek Formation (Ktc), the 
Eagle Sandstone (Ke), and the Clagget Shale (Keg). The Kootenai Formation of Lower 
Cretaceous age is composed of a lower sandstone and an upper unit of siltstone and 
mudstone. The Colorado Shale (Upper and Lower Cretaceous) is a thick package of 
shales with minor siltstones and sandstones. The three other Upper Cretaceous units are 
either shales (Telegraph Creek Formation and Clagget Shale) or sandstone (Eagle 
Sandstone) and have only limited exposures near the extremities of the Judith Mountains. 
Kohrt (1991) studied the petrology of the alkalic rocks and suggested that two periods 
of igneous activity of Early Cretaceous to Eocene age affected the Judith Mountain area. 
The first produced a large volume of alkali-calcic rocks followed by a smaller volume of 
alkaline rocks. Chemical analyses of these rocks are limited (Weed and Pirsson, 1889; 
Wallace, 1953; Hall, 1977). The igneous intrusive rocks were grouped into several 
petrological types by Goddard (1988): monzonitic rocks (quartz monzonite, monzonite, 
syenite, and diorite), rhyolite, alkali granite, and tinguaite. Monzonitic rocks constitute 
the most abundant rock type and occur as small stocks. Rhyolites also form small stocks 
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but may occur locally as dikes. An alkali granite occurs as a circular stock, 1.6 km in 
diameter, at Judith Peak and is apparently the youngest alkalic rock type in the Judith 
Mountains. Numerous tinguaite dikes occur throughout the Judith Mountains but are 
especially abundant in the eastern part. 
According to geochronological work of Marvin et al. (1980), the earliest intrusion was 
quartz monzonite followed by monzonite and diorite at 67 m.y. Alkali syenite, and alkali 
granite samples yielded ages of 65 and 62 m.y., respectively. The radiometric age of the 
youngest rock type is 47 m.y. for rhyolite. The age of tinguaite was not well established 
since the K-Ar age of feldspar phenocrysts (53.7 m.y.) did not match a fission-track age 
of 73.3 m.y. for apatite. The geological age relationships of the Judith Mountains are 
complex and not well understood but the geochronological sequence generally conforms 
to the sequence determined by Wallace (1953) on the basis of field relations. He 
suggested, from oldest to youngest, that the intrusive sequence was monzonite, rhyolite, 
tinguaite, and alkali granite. Wallace (1956) estimated an intrusive depth of 0.9 to 1.8 
km whereas Forrest (1971) suggested a depth of 0.9 to 1.2 km. 
Economic mineralization, primarily gold-silver tellurides, has long been recognized in 
the Judith Mountains (Weed and Pirsson, 1898; Corry, 1933; Robertson, 1950; Forrest, 
1971). Tellurides occur near the contact between igneous intrusive rocks and sediments, 
either in quartz veins in near vertical fractures that cut across the sediments and igneous 
rocks (e.g., Gies deposit), or in limestones and breccias as replacement bodies (e.g., Gilt 
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Edge and Maginnis deposits). At the Spotted Horse deposit both types of mineralization 
exist and indicate a close genetic relationship between the two types. 
LOCAL GEOLOGY 
The Gies deposit occurs on the southern side of Elk Peak near the contact between 
Paleozoic sediments and alkalic igneous rocks (Figure 3). The sediments consist 
primarily of limestone, sandstone, and shale, and are from base to top, Madison Group, 
Big Snowy Group, Ellis Group, Morrison Formation, Kootenai Formation, and Colorado 
Group. Igneous rocks that crop out in the vicinity of the Gies deposit are Elk Peak 
quartz monzonite porphyry and Maginnis syenite porphyry stocks, and tinguaite dikes. 
Due to poor exposure, it is impossible to determine the relative timing between the 
intrusion of the syenite and quartz monzonite porphyries. Tinguaite dikes, range from 1 
to > 10 m in width and are up to 1.5 km in length. They trend in an EW direction and 
cut through all of the exposed igneous and sedimentary rocks (Figure 3). 
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PETROCHEMISTRY OF INTRUSIVE IGNEOUS ROCKS 
Petrography and Mineral Chemistry 
In order to better characterize and classify the three major intrusive rock types that 
crop-out in the immediate vicinity of gold-silver telluride mineralization, major and trace 
element compositions and mineral compositions were determined. Mineral compositions 
were obtained on an automated ARL-SEMQ electron microprobe housed in the 
Department of Geological and Atmospheric Sciences at Iowa State University. On-line 
ZAF corrections employed the MAGIC IV program utilizing the method of Bence and 
Albee (1968). For native elements, sulfides, sulfosalts, and tellurides in veins, operating 
conditions were an accelerating voltage of 25 KV, and a sample current of 20 nA on a 
Faraday cup. For silicates and carbonates, the accelerating voltage and sample current 
was 20 KV and 15 nA, respectively. Native gold, silver, and tellurium, natural and 
synthetic sulfides and sulfosalts, synthetic tellurides, and natural silicates were used as 
standards. 
The quartz monzonite porphyry at Elk Peak, although relatively poorly exposed, 
appears to consist of only one intrusion. It comprises a groundmass of intergranular 
feldspars and hornblende with accessory amounts of diopside, sphene, calcite, magnetite, 
and pyrite. The phenocrysts are up to 3 cm in length and consist, in order of abundance, 
plagioclase (An27 to An^^), alkali feldspar (Or^^ to Org^), ferro-pargasitic hornblende and 
quartz. Mineral compositions for feldspar and amphibole are given in Tables 1 and 2. 
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In contrast to tinguaite and Maginnis syenite porphyries, which are generally unaltered 
unless adjacent to telluride veins, quartz monzonite porphyry is relatively altered. This 
alteration is weak but includes replacement of plagioclase by albite, orthoclase by 
sericite, and hornblende by chlorite. 
Syenite porphyry at Maginnis Mountain, located just south of the Gies deposit (Figure 
3), consists of phenocrysts of alkali feldspar (Orpj to Or^g) up to 5 mm in length, 
plagioclase (An27 to An^g), ferro-edenitic hornblende, and diopside (Tables 1,2,3, and 
4). The groundmass is primarily composed of alkali feldspar laths with lesser amounts of 
biotite, quartz, sphene, apatite, magnetite, and hematite. 
Tinguaite, a textural variety of phonolite, is green and gray in color and reflects the 
volume of green aegerine-augite in the groundmass. Tabular alkali feldspar, up to 5 cm 
in length, of two compositional groups (Or^g to Orgy, and Or^y to Orgg) are the most 
common phenocrysts. However, phenocrysts of dark green prisms of aegerine-augite or 
hedenbergite and black melanotic garnet are also present. Although pyroxene phenocrysts 
are commonly color zoned, with light green cores and dark green rims, electron 
microprobe analyses show uniform compositions across grains (samples 90-S3 and 50-07 
in Table 3). Similarly melanitic garnet also shows color zoning with dark brown cores 
and light brown rims. However, this color variation corresponds to a decrease in Ti 
content from core (8-10 wt% Ti02) to rim (3-4 wt% Ti02) (Table 4). The groundmass 
of tinguaite consists of aegerine-augite crystals and intergranular sanidine and analcite, 
with accessory amounts of nepheline, sphene, apatite, magnetite, and pyrite. 
Table 1. Representative Microprobe Analyses of Feldspars 
Monzonite Syenite Tioguaite 
90-SS 90-87 90-S5 90-S7-2 90-Sll 90-S14 90-S19 90-S20 90-S19 90-S20 90-S3 90-S27 90-810 
weight nercent 
Si02 58.68 61.05 63.76 64.12 66.82 63.27 63.17 62.40 61.90 58.48 63.97 64.37 62.88 
TiOj 0.04 0.01 0.05 0.05 0.03 0.02 0.01 0.01 0.02 0.00 0.04 0.08 0.08 
AI2O3 27.05 23.65 18.46 17.67 19.87 18.94 19.82 18.28 24.24 27.19 19.20 19.51 19.90 
FeO 0.17 0.17 0.10 0.51 0.03 0.42 0.08 0.07 0.25 0.25 0.58 0.31 0.33 
MnO 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.01 0.02 0.02 
MgO 0.08 0.06 0.06 0.08 0.08 0.07 0.10 0.10 0.05 0.07 0.10 0.09 0.09 
CaO 7.09 5.53 0.20 0.06 0.00 0.06 0.03 0.02 5.11 7.78 0.04 0.06 0.04 
KjO 0.64 0.85 14.05 13.46 2.22 12.85 15.46 17.52 0.74 0.67 16.56 12.81 13.26 
Na20 7.07 7.55 2.74 2.61 10.14 2.99 0.87 0.56 7.29 6.22 0.34 2.48 2.29 
Total 100.82 98.87 99.42 98.55 99.20 98.62 99.57 98.96 99.60 100.66 100.84 99.73 98.89 
formular on the basis of 8 oxveen 
Si 2.603 2.744 2.961 2.995 2.966 2.948 2.932 2.952 2.751 2.597 2.949 2.953 2.921 
Ti 0.001 0.000 0.002 0.002 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.003 0.003 
Al 1.414 1.253 1.011 0.973 1.040 1.040 1.084 1.020 1.270 1.423 1.044 1.055 1.090 
Fe 0.006 0.006 0.004 0.020 0.001 0.016 0.003 0.003 0.009 0.009 0.022 0.012 0.013 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 
Mg 0.005 0.004 0.004 0.006 0.005 0.005 0.007 0.007 0.003 0.005 0.007 0.006 0.006 
Ca 0.337 0.266 0.010 0.003 0.000 0.003 0.001 0.001 0.243 0.370 0.002 0.003 0.002 
K 0.036 0.049 0.833 0.802 0.126 0.764 0.915 1.058 0.042 0.038 0.974 0.750 0.786 
Na 0.608 0.658 0.247 0.236 0.873 0.270 .0.078 0.051 0.628 0.536 0.030 0.221 0.206 
Or 3.6 5.0 76.4 77.0 87.3 73.7 92.1 95.3 4.6 4.0 96.8 77.0 79.1 
Ab 62.0 67.6 22.7 22.7 12.7 26.0 7.8 4.6 68.8 56.8 3.0 22.7 20.7 
An 34.4 27.3 0.9 0.3 0.0 0.3 0.1 0.1 26.6 39.2 0.2 0.3 0.2 
16 
Table 2. Representative Microprobe Analyses of Amphibole 
Monzonite Syenite 
90-S5 90-S7 90-S19 90-S20 90-S25 
weight percent 
SiOz 39.11 38.51 46.20 43.73 44.81 
TiOz 1.49 1.24 0.73 0.77 0.93 
AI2O3 11.67 11.30 5.48 5.86 6.03 
FeO 27.82 27.97 20.40 20.43 20.89 
MnO 0.89 0.97 0.45 0.40 0.46 
MgO 3.35 3.50 10.87 10.85 10.39 
CaO 11.01 10.87 10.78 11.35 11.05 
K2O 2.04 1.98 1.04 1.08 1.13 
NajO 1.80 1.83 1.92 1.99 2.02 
Totol 99.17 98.17 97.87 96.46 97.70 
formula on the basis of 24 § 
1
 
Si 6.476 6.463 7.346 7.121 7.191 
Ti 0.185 0.157 0.087 0.094 0.112 
Al 2.277 2.236 1.027 1.125 1.140 
Fe 3.853 3.926 2.713 2.782 2.803 
Mn 0.124 0.138 0.061 0.055 0.063 
Mg 0.828 0.877 2.582 2.639 2.490 
Ca 1.954 1.955 1.837 1.980 1.899 
K 0.430 0.424 0.211 0.224 0.231 
Na 0.576 0.596 0.592 0.628 0.627 
Table 3. Representative Microprobe Analyses of Pyroxene 
Tinguaite Syenite 
Sample 90-S3 504)7 90-S4 90-S27 90-S19 90-S20 
weight percent 
SiO, 
Ti02 
AI2O3 
FeO 
MnO 
MgO 
CaO 
K2O 
NajO 
Total 
49.84 
0.46 
1.39 
19.16 
0.61 
6.54 
18.49 
0.02 
3.40 
99.90 
50.52 
0.43 
1.09 
19.17 
0.58 
6.29 
18.57 
0.02 
3.16 
99.81 
formula on the basis of 6 
49.42 
0.26 
1.15 
21.44 
0.61 
4.89 
18.19 
0.01 
3.19 
99.16 
Oxygen 
Si 
Ti 
Ai 
Fe 
Mn 
Mg 
Ca 
K 
Na 
1.964 
0.014 
0.064 
0.632 
0.020 
0.385 
0.781 
0.001 
0.259 
1.988 
0.013 
0.050 
0.631 
0.019 
0.370 
0.783 
0.001 
0.241 
1.982 
0.008 
0.054 
0.719 
0.021 
0.293 
0.782 
0.001 
0.248 
48.53 
0.29 
1.06 
21.94 
0.69 
4.54 
18.18 
0.01 
3.17 
98.41 
1.972 
0.009 
0.051 
0.746 
0.024 
0.276 
0.792 
0.001 
0.250 
48.90 
0.33 
1.01 
21.36 
0.73 
5.29 
18.13 
0.01 
3.32 
99.08 
1.968 
0.010 
0.048 
0.719 
0.025 
0.318 
0.782 
0.001 
0.259 
48.93 
0.47 
1.56 
19.18 
0.43 
9.80 
19.88 
0.02 
1.63 
99.15 
1.948 
0.009 
0.071 
0.639 
0.021 
0.382 
0.848 
0.001 
0.175 
49.57 
0.50 
1.71 
17.50 
0.79 
6.03 
21.46 
0.01 
2.64 
101.21 
1.922 
0.012 
0.086 
0.568 
0.025 
0.451 
0.891 
0.001 
0.137 
51.05 
0.29 
1.64 
12.71 
0.88 
11.22 
22.09 
0.00 
0.81 
100.70 
1.938 
0.008 
0.073 
0.404 
0.028 
0.636 
0.899 
0.000 
0.060 
50.22 
0.31 
1.27 
11.11 
0.80 
12.44 
22.58 
0.01 
0.43 
99.17 
1.928 
0.009 
0.057 
0.357 
0.026 
0.713 
0.929 
0.000 
0.032 
50.44 
0.26 
1.93 
11.98 
0.66 
11.33 
21.85 
0.00 
1.15 
99.60 
1.931 
0.007 
0.087 
0.384 
0.021 
0.648 
0.896 
0.000 
0.085 
50.74 
0.45 
2.52 
11.71 
0.88 
11.13 
22.41 
0.00 
0.68 
100.49 
1.922 
0.013 
0.112 
0.371 
0.028 
0.629 
0.910 
0.000 
0.050 
50.37 
0.28 
1.71 
13.38 
0.95 
10.31 
22.68 
0.01 
0.62 
100.31 
1.931 
0.008 
0.077 
0.429 
0.031 
0.590 
0.932 
0.000 
0.046 
51.10 
0.21 
1.22 
11.78 
0.78 
11.50 
22.25 
0.00 
0.63 
99.47 
1.955 
0.006 
0.055 
0.377 
0.025 
0.657 
0.912 
0.000 
0.047 
Jd 
Ae 
Q 
Fs 
En 
Wo 
6.0 
18.3 
75.8 
4.8 
18.3 
76.9 
5.1 
18.4 
76.5 
4.8 
18.7 
76.5 
4.5 
19.7 
75.8 
6.6 
9.8 
80.9 
31.6 
20.8 
8.0 
4.7 
88.1 
20.9 
31.2 
22.0 
32.3 
18.9 
35.2 
20.8 
33.2 
20.6 
32.4 
23.2 
29.8 
20.4 
33.3 
47.5 47.9 45.7 45.9 46.0 47.0 47.0 46.3 
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Table 4. Microprobe Analyses of Melanite 
Sample 90-S27 
Grain 1 Grain 2 
weiçht percent 
Si02 33.75 33.55 31.27 33.61 34.18 33.97 31.51 
TiOz 3.94 5.51 9.81 2.91 3.64 3.19 8.15 
AI2O3 1.98 2.55 1.89 2.74 2.01 2.30 2.02 
FezOg 28.06 25.96 23.99 27.49 28.07 27.74 25.21 
MnO 0.70 0.59 0.45 0.80 0.68 0.70 0.61 
MgO 0.38 0.39 0.51 0.31 0.35 0.31 0.47 
CaO 32.22 31.98 32.30 31.26 32.05 31.62 31.90 
Total 101.02 100.52 100.22 99.12 100.98 99.84 99.87 
formula on the basis of 12 Oxveen 
Si 2.807 2.785 2.615 2.838 2.838 2.849 2.650 
Ti 0.247 0.344 0.617 0.185 0.227 0.201 0.515 
A1 0.194 0.249 0.186 0.273 0.196 0.228 0.200 
Fe 1.757 1.622 1.510 1.747 1.754 1.751 1.595 
Mn 0.049 0.041 0.032 0.057 0.048 0.049 0.044 
Mg 0.Ô47 0.048 0.064 0.039 0.044 0.039 0.059 
Ca 2.871 2.845 2.895 2.829 2.851 2.841 2.875 
Major and Trace Element Geochemistry 
Representative examples of least altered samples of quartz monzonite, syenite, and 
tinguaite porphyries were sampled 0.5 to 2 km away from the Gies deposit, along with 
hydrothermally altered samples of quartz monzonite and tinguaite from underground 
localities in the Gies mine, and analyzed for major and trace element compositions. 
Powdered rock samples ( < 200 mesh) were digested with multi-acid (HCIO4-HNO3-HCI-
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HP) at 2(X)°C to fuming and then diluted with diluted aqua regia. For Si02 analysis rock 
powders were fused with lithium metaborate and subsequently digested with HCl. All 
analyses were determined by ICP-AES techniques at the Analytical Services Laboratory, 
Iowa State University and Acme Analytical, Vancouver, British Columbia, Canada, 
except for Zr, Sr, Rb, Y, and Nb which were determined using a Kevex energy 
dispersive X-ray fluorescence analyzer in the Department of Geological and Atmospheric 
Sciences, Iowa State University (Tables 5 and 6). 
A variation diagram of total alkali metal oxides versus silica for unaltered quartz 
monzonite, syenite and tinguaite, show that syenite and tinguaite fall entirely within the 
alkalic field defined by MacDonald and Katsura (1964) whereas quartz monzonite 
samples straddle the boundary between alkalic and calc-alkalic rocks (Figure 4). Some 
samples of tinguaite are nepheline normative. 
Harker diagrams of unaltered and altered alkalic and calc-alkalic rocks show no 
consistent chemical relationship between any of the unaltered rock types, although it may 
be argued that quartz monzonite and tinguaite data overlap and that they fall on the same 
linear trend for FeO versus Si02, and possibly Na20, K2O, and Ti02 versus Si02 
(Figure 5). However, there is insufficient data to statistically verify these linear 
relationships. Regardless of the limited overlap of major elements between the three 
unaltered rock types, there is considerable overlap in Ni, Co, and Cr versus Zr contents 
of altered and unaltered quartz monzonite and tinguaite (Figure 6). Syenite is enriched in 
Cr, Co, and Ni relative to quartz monzonite and tinguaite. 
20 
Table 5. Representative Major and Trace Elements Analyses of Unaltered Ingeous Rocks, 
Gles Mine 
Quartz Monzonite 90-S5 90-S7 -1 90-S8 90-811 90-S12 
weight Dercent 
Si02 63.06 65.28 69.08 66.92 65.74 
TiO; 0.42 0.18 0.30 0.27 0.23 
AI2O3 17.28 16.44 17.14 16.60 16.80 
3.78 2.79 1.03 2.48 2.55 
MgO 0.80 0.15 0.10 0.18 0.17 
MnO 0.12 0.08 0.00 0.01 0.09 
CaO 2.55 2.42 0.36 0.29 0.87 
NajO 5.08 4.31 4.26 4.66 4.95 
K2O 5.11 3.76 4.65 4.72 5.96 
P2O5 0.09 0.06 0.06 0.06 0.06 
LOI 1.90 3.70 1.90 2.70 2.40 
Total 100.17 99.17 98.88 98.90 99.82 
CIPW norm 
Q 6.31 19.12 25.41 19.87 10.90 
Or 30.20 22.22 27.48 27.89 35.22 
Ab 42.99 36.47 36.05 39.43 41.89 
An 9.26 11.61 1.39 1.05 3.92 
C 4.59 3.44 0.77 
Di 2.38 
Hy 4.83 3.57 0.99 2.99 3.26 
Mt 1.00 0.74 0.28 0.65 0.68 
11 0.80 0.34 0.57 0.51 0.44 
Ap 0.21 0.14 0.14 0.14 0.14 
Esm 
Cu 7 • 12 25 5 1 
Pb 12 23 27 4 10 
Zn 76 47 61 33 99 
Sc 3 2 2 1 1 
V 32 13 15 16 13 
Cr 4 6 5 6 4 
Co 4 2 2 1 1 
Ni 5 5 4 4 2 
Y 28.4 22.8 21.1 17.5 23.7 
Zr 247 240 246 220 215 
Nb 11.8 11.4 10.7 6.1 7.0 
Th 14 6 5 3 4 
Rb 142 97 124 157 193 
Ba 1229 1873 2021 2767 1712 
Sr 1179 999 1059 654 696 
La 30 27 20 8 17 
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Table 5 (continued) 
Syenite 90-817 90-819 90-822 90-824 90-825 90-S26 90-828 
weicht oercent 
SiO; 58.39 59.88 58.67 57.79 58.47 58.10 56.73 
TiO; 0.82 0.70 0.78 0.80 0.80 0.82 0.42 
AI2O3 15.17 15.30 14.76 15.17 15.10 14.76 14.27 
^®2®3cr) 8.09 6.58 7.85 7.88 7.77 8.24 6.08 
MgO 1.94 1.49 2.02 2.07 1.99 2.19 0.58 
MnO 0.20 0.16 0.17 0.17 0.16 0.18 0.15 
CaO 3.90 3.76 5.26 4.91 5.30 5.57 5.39 
Na^O 5.04 4.72 4.00 4.49 3.98 3.95 3.57 
K2O 5.37 4.90 4.69 5.07 4.96 4.67 5.12 
P2O5 0.41 0.27 0.37 0.39 0.38 0.39 0.33 
LOI 0.80 1.50 0.50 1.00 0.50 0.40 6.20 
Total 100.14 99.27 99.07 99.73 99.41 99.27 98.83 
CIPW norm 
Q 3.29 3.67 2.59 2.65 5.39 
Or 31.74 28.96 27.72 29.96 29.31 27.60 30.26 
Ab 41.29 39.94 33.85 37.99 33.68 33.42 30.21 
An 2.91 6.09 8.47 6.27 8.69 8.75 7.79 
Ne 0.73 
Di 11.61 9.13 12.80 13.08 12.73 13.74 14.56 
Hy 6.10 6.99 4.17 6.80 7.38 0.74 
01 5.72 2.11 
Mt 2.16 1.75 2.09 2.10 2.07 2.19 1.62 
11 1.56 1.33 1.48 1.52 1.52 1.56 0.80 
Ap 0.95 0.63 0.86 0.90 0.88 0.90 0.76 
EEm 
Cu 36 27 43 48 56 46 37 
Pb 4 8 7 4 13 6 4 
Zn 123 79 109 96 95 114 73 
Sc 13 10 13 14 13 14 10 
V 134 101 131 133 135 140 115 
Cr 16 11 12 14 14 18 14 
Co 20 11 19 19 18 20 13 
Ni 17 10 16 14 15 18 11 
Y 29.4 28.2 29.6 27.8 28.6 29.4 24.5 
Zr 161 179 184 162 174 169 148 
Nb 9.3 7.7 11.2 9.3 8.6 8.0 7.0 
Th 11 10 13 10 12 11 10 
Rb 131 119 128 127 121 118 128 
Ba 2065 2171 1819 1983 1976 1980 1880 
Sr 751 964 1008 1098 1061 1040 617 
La 34 33 33 34 33 34 34 
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Table 5 (continued) 
Tinguaite 90-Sl 90-S2 90-S3 90-S4 90-57-2 90-S27 
weight percent 
SiOj 61.56 62.13 56.84 57.56 64,41 57.97 
TiOg 0,58 0.52 0.63 0.67 0,45 0.57 
AI2O3 16.38 15.47 17.16 15,34 16,54 15.49 
FejOaCD 4.80 4.09 5.20 6,24 3,00 4.86 
MgO 0.55 0.40 0.35 0,86 0,05 0.50 
MnO 0.11 0,08 0,13 0,15 0.02 0.14 
CaO 2.24 1,29 1,37 2,34 0.14 3.97 
Na20 5.01 4,95 6,27 5.73 5.01 2.86 
K2O 7.16 8.29 9.25 6.13 8.73 10.36 
P2O5 0.12 0.08 0.07 0.14 0.07 0.07 
LOI 1.70 1.00 2,50 2.90 0.80 2.90 
Total 100.22 98.28 99,79 99.88 99.23 99.69 
CIPW norm 
Q 1.56 2.97 
Or 42,31 48.99 54.67 36.23 51.59 61.32 
Ab 42,39 33.42 13,82 35.58 36.48 10.42 
An 1.06 
Ne 12,43 4.98 6.27 
Di 7.99 5.10 5,54 9.21 0.21 13.39 
Hy 0.02 3.15 3.37 
Ac 2.17 2.78 3.27 1.59 1.94 
01 1.69 3.20 3.77 
Mt 1.28 0.03 0.32 
II 1,10 0.99 1.20 1.27 0.85 1.08 
Ap 0,28 1.40 0,16 0.32 0.16 0.16 
ppm 
Cu 30 40 47 65 12 59 
Pb 30 40 70 62 42 44 
Zn 143 59 90 105 59 97 
Se 2 2 2 4 2 2 
V 177 164 175 198 153 163 
Cr 7 5 1 5 3 3 
Co 8 8 8 12 2 8 
Ni 11 7 6 5 4 7 
Y 15.9 20.2 24.1 25.4 12.9 15.0 
Zr 179 158 210 243 182 178 
Nb 15.1 12.2 14.7 17.6 15.8 6.7 
Th 10 10 18 21 7 12 
Rb 161 189 194 195 192 119 
Ba 2571 3143 3445 3273 4187 5419 
Sr 946 581 1431 900 1085 1820 
La 21 16 30 37 10 33 
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Table 6. Representative Major and Trace Elements Analyses of Altered Igneous 
Rocks of Gies Mine 
Tinguiate Quartz Monzonite 
S-1 50-07 90-U9 S-11 S-12 S-13 S-14 S-15 50-08 
weight oercent 
Si02 60.60 61.05 59.87 61.28 61.04 62.19 61.56 70.87 61.69 
TiOz 0.58 0.63 0.50 0.33 0.33 0.37 0.38 0.05 0.28 
AIoOT 15.14 15.23 15.95 14.10 14.53 15.27 15.40 13.49 16.42 
FejOaCT) 5.08 5.55 4.65 3.56 3.71 3.50 3.40 1.63 3.18 
MgO 0.76 0.70 0.33 0.95 1.09 0.33 0.83 0.32 0.36 
MnO 0.12 0.14 0.13 0.18 0.19 0.13 0.27 0.03 0.16 
CaO 3.78 3.40 2.92 2.91 3.26 3.36 3.64 0.87 3.55 
Na20 5.22 5.59 4.60 2.88 2.31 4.34 3.41 2.01 3.86 
KgO 7.32 6.57 8.35 6.58 8.16 4.94 6.59 7.01 5.18 
P2O5 0.11 0.12 0.13 0.10 0.11 0.09 0.11 0.01 0.07 
LOI 2.40 2.00 2.70 5.30 5.10 4.80 4.90 2.10 5.10 
Total 101.11 100.98 100.12 98.17 99.83 99.32 100.49 98.38 99.77 
ccm 
Cu 39 44 71 49 13 24 131 571 3 
Pb 53 46 38 471 128 18 653 28 22 
Zn 86 100 85 1314 194 88 1423 70 89 
So 3 3 2 4 4 4 4 1 2 
V 179 208 77 80 82 73 80 11 25 
Cr 6 8 4 7 8 5 8 2 4 
Co 11 11 7 7 8 8 9 5 3 
Ni 7 5 6 9 6 7 7 4 4 
Y 15.4 18.7 16.6 29.0 21.6 19.5 33.6 8.0 26.6 
Zr 158 174 169 142 148 167 153 95 189 
Nb 10.6 12.8 11.2 4.5 5.5 7.7 3.9 8.0 5.5 
Th 14 15 10 12 11 11 12 1 13 
Rb 160 164 186 174 210 134 191 226 173 
Ba 4047 3056 2487 617 181 1000 2226 2088 1484 
Sr 1085 950 949 443 377 967 490 302 840 
La 26 32 31 21 19 24 23 2 36 
24 
Samples of tinguaite that show only slight visible signs of alteration have major 
element compositions that are indistinguishable from unaltered samples. In contrast to 
tinguaite, altered samples of quartz monzonite are enriched in Mg (possibly K and Fe, if 
mean compositions are compared), and depleted in Si and Na relative to unaltered 
samples. The enrichment in Mg, K, and Fe is reflected by the presence of adularia, 
sericite, roscoelite and pyrite in altered samples, whereas the depletion in Na is related to 
the replacement of plagioclase by K-feldspar and sericite. The depletion of silica in 
altered quartz monzonite suggests that quartz monzonite was the probable source of silica 
in ore-forming quartz veins. 
Petrogenesis 
In discussing the origin of alkalic volcanic rocks of the central Montana alkalic belt 
and other alkalic Cretaceous-Tertiary volcanic rocks in northwestern United States, most 
studies (e.g., Dickinson, 1979; Lipman, 1980; Bird, 1984) have supported the concept of 
Lipman et al. (1971) that they were related to the low-angle subduction of the Farrallon 
Plate Lithosphere. Lipman et al.'s model included magma generation in the descending 
plate or in the overlying asthenospheric mantle. The complex compositions of these 
alkalic igneous rocks reflects varying degrees of interaction with country rock as the 
magma rose and tapping of liquids of different compositions during fractional 
crystallization. 
Several workers have evaluated the merits of Lipman et al.'s model by studying the 
petrology, geochemistry and radiogenic isotopes of alkalic rocks in isolated mountain 
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ranges. For example, O'Brien et al. (1991) concluded from studies of the Highwood 
Mountains, Montana that parental magmas involved partial melting of the asthenospheric 
mantle wedge that was caused by infiltration of melts of metasomatized rocks above the 
subducting Farallon Plate. This melt was subsequently assimilated with phlogopite-rich 
metasomatized veins within the base of the Archean age Wyoming Province. Dudas 
(1991), in considering relative age-relations of alkalic rocks in northwestern United 
States, the lack of consistent chemical zoning away from the subduction zone, the 
C02-rich character of alkalic rocks in central Montana, the enormous width 
(approximately 1,5(X) km wide) of alkalic magmatic activity away from the proposed 
subduction zone, and geochemical constraints set by the composition of alkalic rocks in 
the Crazy Mountains, Montana opposed the shallow subduction hypothesis. Dudas 
suggested that the data were most consistent with magma generation related to heating of 
the lithospheric mantle by upwelling asthenosphere of regional compression during 
Eocene times even though alkalic igneous rocks in the Crazy Mountains possess arc-like 
geochemical characteristics. 
Trace element compositions of igneous rocks in the vicinity of the Gies deposit are 
characterized by high concentrations of Sr (595 to 1,179 ppm for quartz monzonite, 617 
to 1,098 ppm for syenite, and 581 to 2,170 ppm for tinguaite), and Ba (1,229 to 3,338 
ppm for quartz monzonite, 1,880 to 2,171 ppm for syenite, and 1,613 to 5,419 ppm for 
tinguaite), and concentrations of Cr, Ni, and Co < 20 ppm (Table 5, Figure 6). Such 
low concentration Cr, Co, and Ni concentrations indicate that alkalic magmas likely 
underwent fractionation as it upwelled. 
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A chondrite-normalized trace element variation diagram (spider diagram) of quartz 
monzonite, syenite, and tinguaite shows that these rocks are enriched in most 
incompatible elements relative to normal mid-ocean ridge basalt, and are enriched in low 
field strength elements (Ba, Sr, Rb, and Th), and depleted in high field strength elements 
(Ta, P, Zr, Ti, and Y) compared to within-plate alkaline basalt (Figure 7). The fact that 
quartz monzonite, syenite and tinguaite have similar patterns suggests a common parental 
source for the rocks. The higher phosphorus rock/chondrite ratio of syenite relative to 
quartz monzonite and tinguaite is due to the presence of apatite in syenite. 
The similarity between the spider diagrams for the three intrusive rock types 
associated with the Gies deposit, and those derived from alkalic rocks throughout the 
central Montana alkalic belt (see Dudas, 1991, Figure 8) suggests that the regional scale 
processes responsible for alkalic rocks elsewhere in northwestern United States are also 
responsible for the formation of alkalic rocks in the Judith Mountains. It should also be 
stressed that the petrology, geochemistry, and timing relations between the intrusive rocks 
near the Gies mine are almost identical to data derived by Wallace (1953) for intrusive 
rocks found elsewhere in the Judith Mountains. 
Although compositional trends indicated by Harker diagrams (Figure 5) may reflect 
fractional crystallization processes that relate tinguaite and quartz monzonite, the 
minimum 2 m.y. age difference between quartz monzonite (67 m.y.) and tinguaite (65 
m.y.) in the Judith Mountains (Marvin et al., 1980) negates this hypothesis. The most 
likely model to produce the three intrusive rock types in the vicinity of the Gies deposit, 
which is compatible with available geochemical and geological data, is for the rocks to 
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have had either an asthenospheric mantle source or to have been derived from the 
shallowly-dipping subducting Farrallon plate lithosphere. The parental rock compositions 
were subsequently modified during magma upwelling as it passed through basement 
rocks. The involvement between the upwelling magma and basement rocks is indicated 
physically by the incorporation of basement xenoliths in these rocks (see also Kohrt, 
1991). Although the geochemistry of these rocks are consistent with an arc-like 
environment considerable caution must be placed on interpreting these data in view of 
studies by Dudas (1991) in the Crazy Mountains. One of several thing not known about 
the origin of the alkalic rocks near the Gies deposit is whether they separated from the 
same magma chamber. Until Sr, Nd, and Pb isotopes are obtained from these rocks, as 
well as elsewhere in the Judith Mountains, the origin of quartz monzonite, syenite, and 
tinguaite spatially related to the Gies deposit remains speculative. 
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MINERALIZATION OF THE GIES DEPOSIT 
The Gies deposit is composed primarily of two high-angle nearly parallel veins, the 
"2L" vein and the "main" vein, that extend for at least 500 m in a N75°W direction and 
intersect at depth (Figure 8). Significant gold values of > 1 oz/ton of occur over a 
vertical distance of at least 210 m. The width of the "2L" and "main" veins range from 
several centimeters to > 2 m, with an average width of approximately 30 cm. A smaller 
N80°E vein system, the "3L" vein, also contains significant ore. The highest grades 
usually occur at or near the intersection of the "3L" vein with the "2L" or "main" vein 
systems. Tensional faults and fractures occasionally form at these intersections and 
produce quartz stockwork-type mineralization. Local "flat" veins (approximate dip of 
45°) that produce high-grade ore are also associated with these tensional systems. The 
veins are hosted in quartz monzonite porphyry, tinguaite, sandstone and shale. 
Because of limited underground accessibility and drilling it is impossible to determine 
the relative timing between the emplacement of the veins. However, based on the 
similarity of quartz types in the "main", "3L", and "2L" vein systems it is believed that 
they were emplaced at approximately the same time. These vein systems are composed 
of numerous small veins, rock fragments and altered rocks, which, in places form ribbon 
bands between white quartz and dark green roscoelite. Three stages of quartz veins are 
present in each of the vein systems. The first two stages consist of creamy white quartz 
veins that are usually > 2 cm wide. Stage II quartz displaces stage I quartz. Stage III 
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quartz veins show space-filling textures with well-developed, singly terminated hexagonal 
crystal forms. These veins are usually < 2 cm wide and displace stage I and II veins. 
The age of the mineralization at the Gies deposit is unknown. However, it is likely 
that the mineralization at the Gies mine is primarily younger than the emplacement of 
most of the tinguaite dikes because gold-telluride veins mostly cut tinguaite dikes. 
Furthermore, calcite veinlets, pyrite and sodic alteration (i.e., albite replacing sanidine 
crystals) commonly associated with gold-telluride mineralization occasionally occurs 
within tinguaite. Marvin et al. (1980) reported ages of 73.3 m.y. and 53.7 m.y for 
tinguaite dikes. Whether this demonstrates that tinguaite formed over a considerable 
period of time is unclear. However, it is significant to note that an age of 53.7 m.y. was 
also determined for roscoelite from the nearby Gilt Edge deposit and that tinguaite dikes 
occasionally cross-cut gold telluride mineralization in the Gies deposit. It is possible that 
53.7 m.y. represents the age of mineralization at the Gies deposit and that it is an age of 
formation of tinguaite dikes during the waning stages of their emplacement. 
The mineralogy of the vein systems is complex; 36 minerals have been identified in 
the deposit (Table 7). Volumetrically, quartz is the most abundant mineral since it 
occupies approximately 50-60% of the veins. Other common minerals in the veins are 
roscoelite (10-15%), carbonate (3-5%), pyrite (5-10%), sphalerite (1-3%), and galena 
(1-3%). Rock fragments constitute about 10-20%. Although native gold is present in the 
Gies deposit, the most important gold- and silver-bearing phases are tellurides which 
occur mainly in stage III quartz veins. 
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Alteration is visible in rocks up to 100 m away from vein systems, however it is 
generally neither intense nor systematically distributed. The observations described here 
are limited becausc of poor surface exposures and because underground development 
primarily follows veins rather than alteration. 
The most pronounced form of alteration is silicification. Locally, it extends up to 
approximately 10 m away from veins and is strong enough to make the country rock 
surrounding mineralization impossible to identify. The silicified rock appears to be chert 
or chalcedony. SiliciHcation is predominantly associated with stage I and II veins rather 
than stage III veins which show sharp contacts with relatively unaltered wall rock. Pyrite 
is often associated with zones of silicification, or as narrow veinlets (<0.5 cm), and as 
disseminations within the wall rocks. 
Calcite and ankerite occur in veins and as replacements and veinlets in wall rocks up 
to several tens of meters away from quartz-bearing gold telluride mineralization. 
Carbonates preferentially replace feldspar phenocrysts in monzonite porphyry. 
Potassic alteration occurs within a few meters of gold-telluride veins as: (1) aggregates 
and small veinlets of dark green roscoelite; (2) sericite replacement of adularia, 
intergrowths between sericite, pyrite and quartz, and between sericite and roscoelite; and 
(3) adularia replacing wall rocks. Adularia is far less common than sericite but also 
occurs in quartz veins. Potassic alteration is intimately associated with gold-tellurides 
and, along with silicification, is the most visible indicator of gold mineralization. 
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Minor forms of alteration include albitization of K-feldspar phenocrysts in monzonite 
porphyry and tinguaite, and local propyllitic alteration. Albitization cross-cuts potassic 
alteration and is thus associated with late-stage mineralization. Propyllitic alteration is 
closely associated with silicification and is characterized by the presence of chlorite and 
clinozoisite in quartz veins cross-cutting country rocks. 
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MINERALOGY OF THE VEIN SYSTEMS 
Thirty-six ore and gangue minerals, including two new unnamed minerals, have been 
identified from the Gies deposit in four paragenetic stages (Table 7, Figure 9). The first 
three stages correlate with the three quartz-forming stages, whereas, stage IV consists of 
sulfides, sulfosalts or tellurides in narrow veinlets (< 1 mm in width) that cross-cut 
minerals in stage III quartz. 
Native Elements 
Native Gold and Electrum (TAu.Agl) 
Hypogene and supergene gold are present in subordinate amounts. Native gold is the 
only gold-bearing phase in the supergene environment (M. Garverich, personal 
communication, 1989). It occurs as fine (< 5 microns) irregular shaped grains 
intergrown or enclosed by goethite. Electron microprobe analyses of several grains in 
sample 89-G3 show that gold contains 6 to 10 wt% Ag. 
Fine-grained ( < 5 microns) hypogene gold and electrum are rare by comparison to 
gold-silver tellurides in the Gies deposit but appear to have formed in two ways. 
Electrum occurs at the edge or hessite of within hessite as exsolutions, and contains 
approximately 25 wt% Ag (sample 89-G5 in Table 7). Coexisting electrum and hessite 
probably formed as decomposition products of the so-called y-phase ((Ag, Au2.xTe); x = 
0.09-0.12) (Cabri, 1965) at temperatures below 170°C (Figure 10). Because of these low 
temperatures it is possible that electrum formed as part of stage IV mineralization. 
33 
Table 7. Vein Minerals of the Gies Mine, Montana 
Silicates 
Adularia, Chlorite, Kaolinite, Muscovite (Sericite), Quartz, Roscoelite 
Sulfides 
Acanthite, Somite, Covellite, Chalcopyrite, Digenite, Galena, Marcasite 
Pyrite, Sphalerite, Unnamed mineral 1 
Sulfosalts 
Sn-free Colusite, Tetrahedrite, Tennantite, Unnamed mineral 2 
Tellurides 
Altaite, Hessite, Krennerite, Nagyagite, Stuetzite, Sylvanite 
Native elements 
Electrum, Gold, Tellurium 
Carbonates 
Ankerite, Calcite, Dolomite 
Sulfate 
Barite 
Halide 
Fluorite 
Oxide 
Hematite, Magnetite 
Hypogene gold occurs as discrete grains in fracture fillings with hessite, chalcopyrite 
and tetrahedrite and contains about 15 wt% Ag (sample 51-15, Table 8). It most likely 
precipitated from the original ore-forming fluid rather than as an exsolution from the 
7-phase. The fine-grained gold-hessite-chalcopyrite-tetrahedrite fracture fillings cross-cut 
coarse-grained stage III hessite and formed either late in stage III or during stage IV. 
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Table 8. Representative Microprobe Analyses of Au-Ag-Te Minerals^ 
weight percent number of ions^ 
Sample Name^ 
Au Ag Te Total Au Ag Te 
89-03 92.09 7.90 99.99 0.86 0.14 Au 
51-15 83.97 15.08 99.05 0.75 0.25 Au 
89-05 69.90 28.48 98.38 0.57 0.43 Elec 
89-05 99.85 99.85 1.00 Te 
89-06 36.75 3.98 59.10 99.83 1.61 0.32 4.00 Kre 
89-06 30.13 8.33 60.58 99.03 1.29 0.65 4.00 Syl^ 
M-1 26.04 11.09 62.85 99.97 1.07 0.83 4.00 Syl^ 
50-04 24.76 11.77 63.83 100.36 1.00 0.87 4.00 Syl^ 
90-P9 24.33 11.55 64.18 100.68 0.97 0.84 4.00 Syl^ 
89-P5 22.48 12.51 63.33 98.32 0.92 0.93 4.00 Syll 
89-P16 23.55 12.59 62.98 99.12 0.97 0.95 4.00 Syl^ 
90.pi 22.95 12.87 63.81 99.63 0.93 0.95 4.00 Syl^ 
90-Pll 23.70 12.78 64.17 100.65 0.96 0.94 4.00 Syl^ 
90-U6 23.23 13.07 64.35 100.64 0.94 0.96 4.00 Syl® 
90-Ull 22.91 12.57 63.35 98.83 0.94 0.94 4.00 Syl® 
1. Data shown in this table are average values of each individual samples. For 
complete analyses, see Appendix. 
2. Number of ions on the basis of: (Au+Ag) = 1,00 for gold and electrum; Te = 
4.00 for sylvanite and krennerite. 
3. Mineral name: Au- gold, Elec - electrum. Te - tellurium, Syl - sylvanite, Kre -
krennerite. 
4. Texture type 1. 
5. Texture type 2. 
6. Texture type 3. 
Native Tellurium (Te) 
Native tellurium is relatively common in gold-silver telluride deposits (Sindeeva, 
1964; Afifî et al., 1988b), but was found only as tiny irregular-shaped grains coexisting 
with hessite and galena in stage III veins the Gies deposit. The composition of tellurium 
in Table 8 shows that it is pure and contains no traces of other elements. 
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Tellurides 
Sylvanite, krennerite, nagyagite, hessite, stuetzite, allaite, have been identified in the 
Gies deposit and constitute the major sources of silver and gold. Although tellurides 
formed during stages II, III, and IV, they are considerably more abundant in stage III 
veins. 
Sylvanite (AuAgTe^) 
Sylvanite is the most common gold-bearing phase in the Gies deposit. It occurs in 
three different forms: (1) as coarse grains, often > 3 mm, in stage II quartz veins 
coexisting with pyrite, roscoelite, sericite, and calcite. Sylvanite contains no inclusions 
of other tellurides but coexists with krennerite in one exceptional sample (89-06) that 
also contains dolomite and fluorite; (2) as monominerallic fine veinlets, up to 1 mm in 
width, that cross-cut stage II quartz. This variety is more common than type 1 sylvanite 
and occasionally coexists with pyrite; and (3) as fine grains, up to 50 microns in size, 
that coexists with various tellurides, galena, and roscoelite in stage II and III quartz. The 
following sylvanite-bearing assemblages have been identified: sylvanite-stuetzite, 
sylvanite-altaite-galenaipyrite, sylvanite-hessite, and sylvanite-nagyagite-altaite-galena. 
The fine-grained variety of sylvanite is the most common textural type. 
The three textural varieties exhibit different compositions. Complete compositional 
analyses are given in Appendix while average analyses are listed in Table 8. Coarse­
grained, veinlet, and fine-grained sylvanite contains from 8.33 to 11.09, 11.55 to 11.77, 
and 12.51 to 13.07 wt% Ag, respectively. On the basis of Cabri's (1965) sylvanite 
36 
geothermometer (Figure 11) the composition of sylvanite, excluding sample 89-G6 which 
coexists with krennerite, indicates a range of maximum temperatures of 230° to 310°C. 
This range is compatible with temperatures obtained from fluid inclusions in telluride-
bearing stage II and HI quartz. 
(rAv.AgiTçg) 
Krennerite, 2-3 mm in size, was found in only one sample where it coexists with 
sylvanite. Electron microprobe analyses of krennerite show an average composition of 
36.8 wt% Au and 4.0 wt% Ag (which corresponds to a stoichiometric formula of 
Auo.saAgo.nTez. A silver content of 4.0 wt% for krennerite coexisting with sylvanite 
that contains 8.3 wt% Ag is slightly lower than the 4.5 wt% Ag required from Cabri's 
(1965) data (Figure 11). 
HgssiîsiAg2lg) 
Hessite, the most common silver-bearing mineral in the Gies deposit, coexists with 
roscoelite, sericite, and calcite-bearing stage III quartz veins in addition to various 
sulfides, native gold/electrum and tellurides. Stage IV hessite occurs in veinlets that cut-
across stage ni quartz. Hessite varies from anhedral grains, a few microns in size, to 
prismatic and skeletal-shaped crystals up to 3 mm in length. Hessite assemblages include 
hessite-stuetzite-sylvanite, hessite-galena-altaite, hessite-galena-sphalerite-pyrite, hessite-
barite, hessite-electrum, hessite-sylvanite, hessite-gold, and hessite-tetrahedrite 
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Table 9. Representative Microprobe Analyses of Ag-Te Minerals^ 
Sample 
weight percent number of ions^ 
Name^ 
Ag Te Total Ag Te 
89-G5 62.09 37.80 99.89 1.95 1.00 Hess 
90-Pl 62.24 37.57 99.81 1.96 1.00 Hess 
90-P9 62.35 37.72 100.08 1.95 1.00 Hess 
90-Pll 62.26 37.60 99.86 1.96 1.00 Hess 
90-P13 62.59 37.78 100.37 1.96 1.00 Hess 
90-U6 62.03 37.60 99.63 1.95 1.00 Hess 
90-Ull 61.94 37.47 99.41 1.95 1.00 Hess 
51-15 60.29 37.96 98.25 1.88 1.00 Hess 
90-Pl 58.33 41.14 99.47 5.04 3.00 Stut 
90-Pll 57.30 42.34 99.64 4.81 3.00 Stut 
90-Ull 55.83 43.42 99.24 4.57 3.00 Stut 
1. Data shown in this table are average values of each individual samples. For 
complete analyses, see Appendix. 
2. Number of ions on the basis of: Te = 1.00 for hessite; Te = 3.00 for stuetzite. 
3. Mineral name: Hess - hessite; Stut - stuetzite. 
(tennantite)-chalcopyrite-pyrite. The last three assemblages are the most common. 
According to phase equilibria in the system Ag-Te (Cabri, 1965; Kraceck et al., 1966), it 
is most likely that the assemblage hessite-stuetzite-sylvanite formed by the decomposition 
of the 7-phase below 120°C. Electron microprobe analyses of hessite show that it 
contains 61.9 to 62.6 wt% Ag and 37.5 to 38.5 wt% Te (Table 9), corresponding to a 
stoichiometric formula of Ag^ ^^.i ^gTe. 
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Stygtzitç (Ags-xîêa) 
Stuetzite not only coexists with hessite as previously described but it also occurs in 
stage III quartz veins as individual grains or it coexists with sylvanite, tetrahedrite, 
chalcopyrite and pyrite. Stuetzite in hessite-free assemblages probably precipitated 
directly from the ore fluid and was not a product of decomposition of the 7-phase. The 
composition of stuetzite is variable; Ag ranges from 41.1 to 43.4 wt% while Te ranges 
from 55.8 to 58.3 wt% (Table 9). This corresponds to a stoichiometric formula of 
^64.57-5.04^63. 
NaeyagUg (AiirPb.SblsrS.Tgln) 
Nagyagite was observed only in sample 90-Pl where it occurs as fine (10-20 microns) 
anhedral grains at the edge of coarse galena crystals and as an intimate intergrowth with 
sylvanite and altaite. Table 10 shows the variable composition of nagyagite within 
sample 90-Pl. Such variation in composition is characteristic of nagyagite in other 
telluride deposits as exemplified by more than 20 different proposed chemical formulae 
(Uytenbogaardt and Burke, 1971). The formula of Thompson (1949) has been used here. 
Altaite fPbTe) 
Although altaite is relatively common it is volumetrically insignificant. It coexists 
with sylvanite at the edge of coarse galena grains, and as inclusions within hessite. 
Electron microprobe analyses show that composition of altaite is close to the theoretical 
stoichiometric value (Table 10). 
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Table 10. Representative Microprobe Analyses of Nagyagite and Allaite^ 
Sample Au Pb Sb Te S Total Name^ 
weight percent 
90-Pl(l) 3.37 55.18 10.12 18.14 11.05 98.14 Nag 
90-Pl(2) 7.46 57.13 8.02 17.30 10.39 100.29 Nag 
90-Pl(3) 5.53 68.55 1.42 12.89 10.43 98.82 Nag 
89-P5 60.53 38.61 99.14 Alt 
89-P16 60.87 37.89 98.76 Alt 
90-Pl 61.07 37.26 98.33 Alt 
90-Pll 60.09 38.20 98.29 Alt 
90-Ull 61.80 38.05 99.85 Alt 
number of ions^ 
90-Pl(l) 0.39 5.99 1.87 3.25 7.75 
90-Pl(2) 0.91 6.60 1.58 3.24 7.76 
90-Pl (3) 0.72 8.55 0.29 2.61 8.39 
89-P5 0.97 1.00 
89-P16 0.99 1.00 
90-Pl 1.01 1.00 
90-Pll 0.97 1.00 
90-Ull 1.00 1.00 
1. Data shown in this table are average values of each individual samples (altaite) or 
grains (nagyagite). For complete analyses, see Appendix. 
2. Mineral name: Nag - nagyagite, Alt - altaite. 
3. Number of ions on the basis of: (Te+S) = 11.00 for nagyagite; Te = 1.00 for 
altaite. 
Sulfides 
Sulfides occur in all four ore-forming stages and are the most common metallic 
minerals in the Gies deposit. They include acanthite (Ag2S), bomite (CugFeS^), 
chalcopyrite (CuFeS2), covellite (CuS), digenite (CU9S5), galena (PbS), marcasite (FeS2), 
pyrite (FeS2), pyrite (FeS2), and sphalerite ([Zn,Fe]S). Pyrite, galena and sphalerite are 
the most abundant sulfides and occur in veins up to 10 cm thick. The thicker veins are 
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associated with stage I and II whereas thin veins (S mm to 2 cm) are related to stage III. 
The iron content of sphalerite varies from 0,52 to 4.10 wt% Fe and corresponds to 0.92 
to 7.09 mol% Fes (Table 11). 
Although chalcopyrite formed primarily in stage III quartz veins in association with 
tetrahedrite, sphalerite, pyrite, galena, hessite and colusite, it also formed during stages I, 
II and IV. Stage II chalcopyrite coexists with quartz, pyrite, sphalerite, and galena and 
as "chalcopyrite disease" in sphalerite (Eldridge et al., 1988). Stage IV chalcopyrite 
coexists with digenite in veinlets that cross-cut stage III quartz veins and tetrahedrite. 
Digenite also occurs as inclusions in acanthite. 
Marcasite occurs as disseminations or in veinlets with pyrite, sphalerite, and galena 
that cross-cut wallrocks. It appears to predate telluride mineralization. While marcasite 
is a relatively common mineral in the Gies deposit, bomite is rare. It was found only in 
sample 89-P9 where it coexists with pyrite, chalcopyrite, galena, and sphalerite in stage 
II quartz. 
A new, previously unnamed sulfide was identified in the present study as inclusions, 
< 20 microns in size, within a 50 micron wide veinlet coexisting with hessite and pyrite. 
This mineral (herein referred to as "unnamed mineral 1") has a moderate reflectance and 
is isotropic or very weakly anisotropic. Electron microprobe analyses of four grains 
within the same veinlet (sample 90-P13) show that unnamed mineral 1 contains Ag, Fe, 
and S. Compositions are relatively homogeneous within a grain, but varies between 
grains (Table 12). Average compositions of the four grains vary from 46.81 to 50.88 
wt% Ag, 23.36 to 26.10 wt% Fe, and 25.70 to 26.96 wt% S, corresponding to an 
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Table 11. Representative Microprobe Analyses of Sphalerite^ 
weight percent number of ions^ 
Sample mol% Fe 
Zn Fe S Total Zn Fe S 
90-P15 65.31 0.52 33.55 99.38 0.95 0.01 1.00 0.92 
M-1-3 64.96 0.85 32.96 98.76 0.97 0.02 1.00 1.50 
90-Pl 63.19 3.25 32.88 99.31 0.94 0.06 1.00 5.66 
50-04 64.68 1.15 32.82 98.65 0.97 0.02 1.00 2.04 
89-Gl 62.78 4.10 33.18 100.07 0.93 0.07 1.00 7.09 
89-P7 62.50 3.45 32.93 98.88 0.93 0.06 1.00 6.07 
1. Data shown in this table are average values of each individual samples. For 
complete analyses, see Appendix. 
2. Number of ions on the basis of S = 1.00. 
approximate formula of AgFeS2. No crystals were identified that could be characterized 
by single crystal X-ray techniques. 
Sulfosalt 
Three sulfosalts, tetrahedrite-tennantite, colusite, and a previously unidentified 
sulfosalt (herein referred to as "unnamed mineral 2 ") were identified in stage III quartz 
veins. 
Tetrahedrite-Tennantite (Cu ipFZn. FeloSb^S 13-Cu ipFZn. Fel2As^S 13) 
Tennantite-tetrahedrite is intimately associated with tellurides in stage III quartz veins, 
as hessite-tennantite-tetrahedrite intergrowths or in veinlets along with chalcopyrite and 
hessite. Tennantite-tetrahedrite is also intergrown with chalcopyrite, colusite, and pyrite. 
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Table 12. Microprobe Analyses of Unnamed Mineral 1. 
weight percent number of ions^ 
Sample 
90-P13 Ag Fe S Total Ag Fe S 
Grain 1 49.63 22.48 26.46 98.57 1.11 0.98 2.00 
48.82 24.24 26.94 100.00 1.08 1.03 2.00 
Average 49.23 23.36 26.70 99.29 1.10 1.00 2.00 
Grain 2 47.13 25.98 27.30 100.41 1.03 1.09 2.00 
47.47 25.33 26.95 99.75 1.05 1.08 2.00 
47.50 25.92 27.12 100.54 1.04 1.10 2.00 
47.50 25.56 25.72 98.78 1.10 1.14 2.00 
Average 47.40 25.70 26.77 99.87 1.05 1.10 2.00 
Grain 3 50.88 23.49 25.79 100.16 1.17 1.05 2.00 
Grain 4 46.90 26.18 26.82 99.90 1.04 1.12 2.00 
45.05 26.19 27.37 98.61 0.98 1.10 2.00 
47.68 26.15 26.74 100.57 1.06 1.12 2.00 
47.59 25.89 26.90 100.38 1.05 1.11 2.00 
Average 46.81 26.10 26.96 99.87 1.03 1.11 2.00 
1. Number of ions on the basis of S = 2.00. 
Electron microprobe analyses show that the formula can be approximated by [Cu,Ag]io±x 
[Zn,Fe]2±y[Sb,As]4Si3^2 where X, Y and Z < 0.3 (Table 13). Negative correlations 
between Cu and Ag, Zn and Fe, and Sb, and As are consistent with these correlatable 
elements occupying the same site (Figure 12). Cu and Ag occupy the trigonal planar, Zn 
and Fe the tetrahedral, and Sb and As the semi-metal sites. 
Table 13. Representative Microprobe Analyses of Tetrahedrite-Tennantite^ 
Sample 51-13 51-14 51-15 51-20 90-P9 90-Pl 90-U6 90-Ull 89-G5 51-13 51-20 M-1 90-P13 90-P15 89-G5 
weight percent 
Cu 34.71 37.19 38.09 37.84 37.95 38.81 37.63 38.24 39.78 38.43 43.17 41.78 42.38 40.58 39.56 
Ag 6.67 3.52 3.40 2.09 0.45 .0.22 3.07 0.14 1.09 4.15 0.22 0.78 0.13 0.04 1.15 
Zn 6.00 7.68 4.72 6.37 6.80 6.90 7.75 5.59 6.84 5.89 1.28 2.24 4.07 7.37 6.28 
Fe 1.35 0.57 2.57 1.21 0.56 0.81 0.53 1.40 0.90 1.66 4.83 5.34 3.49 0.60 1.92 
As 5.71 6.45 6.30 4.20 4.19 5.21 6.71 1.68 8.47 11.94 14.16 16.26 15.69 14.37 12.00 
Sb 20.36 19.29 19.24 22.44 23.37 22.25 18.91 26.45 17.49 10.95 9.47 5.83 6.86 8.58 11.62 
S 25.39 25.34 25.69 25.16 25.77 25.22 25.59 24.84 25.30 26.65 27.37 27.76 28.15 27.76 27.25 
Total 100.18 100.03 100.00 99.29 99.07 99.40 100.18 98.31 99.87 99.65 100.50 99.99 100.77 99.30 99.78 
numbers of ions based on CSb + As  ^ = 4.00 
Cu 8.98 9.58 9.90 9.92 9.64 9.69 9.67 10.05 9.76 9.72 10.19 9.93 10.04 9.74 9.76 
Ag 1.02 0.53 0.53 0.32 0.07 0.03 0.46 0.02 0.16 0.62 0.03 0.11 0.02 0.01 0.17 
Zn 1.51 1.92 1.17 1.62 1.68 1.68 1.94 1.43 1.63 1.44 0.29 0.52 0.94 1.72 1.51 
Fe 0.40 0.17 0.77 0.36 0.17 0.23 0.15 0.42 0.25 0.49 1.30 1.44 0.94 0.16 0.55 
As 1.25 1.41 1.38 0.93 0.91 1.11 1.46 0.38 1.76 2.55 2.83 3.28 3.15 2.93 2.51 
Sb 2.75 2.59 2.62 3.08 3.10 2.90 2.54 3.63 2.24 1.45 1.17 0.72 0.85 1.07 1.49 
S 13.02 12.93 13.24 3.06 12.98 12.47 13.04 12.94 12.30 13.36 12.81 13.08 13.22 13.21 13.32 
Cu+Ag 10.00 10.11 10.44 10.24 9.71 9.72 10.14 10.07 9.91 10.35 10.22 10.04 10.06 9.75 9.92 
Zn+Fe 1.91 2.09 1.95 1.98 1.84 1.91 2.09 1.85 1.88 1.93 1.59 1.96 1.88 1.88 2.06 
1. Data shown in this table are average values of each individual samples. For complete analyses, see Appendix. 
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Sn-free Colusite fCugFAs.Sb.VlS^I 
During the course of microscopic investigations, a cream yellow mineral with a 
reflectance of 31-33 (at 546 nm), a Vickers Hardness of 183-207 (15 g load), weak 
pleochroism (cream yellow to light brownish yellow), and moderate to strong anisotropic 
property (dark blue to dark brown) was identified. It occurs as individual grains or as 
masses intergrown with chalcopyrite and either tetrahedrite or hessite. Due to the 
similarity in composition between this mineral and the mineral arsenosulvanite, which 
was first identified by Betekhtin (1941) from Mongolia (Table 14), the sample from the 
Gies deposit was referred to as arsenosulvanite by Zhang and Spry (1991). They claimed 
that it was the first report of arsenosulvanite in the United States. 
Recently, Wang et al. (1992) have conducted high-resolution transmission electron 
microscope (HRTEM) and selected-area electron diffraction (SAED) studies on the Gies 
"arsenosulvanite" and suggested that the mineral is colusite. SAED studies showed that 
Gies samples have a cubic symmetry, a = 1.068 nm, and systematic extinctions hhl: 
h-Hk+1 = 2n + 1 and 001:1 = 2n + 1, indicating possible space group P43n and 
Pm3n. SAED patterns and HRTEM imaging reveal domains with a sphalerite structure. 
The crystallographic axes of these domains are parallel to those of the basic structure, 
which can be considered as having a sphalerite superstructure. Considering that the 
structure of the mineral is related to that of sphalerite, space group P43n seems more 
reasonable than Pm3ii. 
Colusite (Cu3[As,Sb,V,Sn,Fe]S4) has a wide compositional range and is rare in 
nature. Like arsenosulvanite, it is cream yellow in color and has cubic symmetry. 
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Table 14. Representative Microprobe Analyses of Sn-free Colusite^ 
Sample 90-U6 90-U13 51-20 89-G5 89-G52 MongS Mong 
weight percent 
Cu 47.87 48.60 47.60 48.77 49.29 48.84 46.65 
Fe 0.29 0.57 0.31 0.59 
V 3.33 3.20 3.32 3.39 3.41 4.16 5.20 
As 11.08 12.01 12.17 12.00 11.61 12.80 11.67 
Sb 3.66 1.32 1.50 1.57 2.31 
S 33.12 33.04 33.19 32.99 33.09 33.14 31.66 
Total 99.35 98.74 98.08 99.32 99.70 99.954 99.00-
number of ions on the basis of S = 4,Op 
Cu 2.92 2.97 2.89 2.98 3.01 2.97 2.97 
Fe 0.02 0.04 0.02 0.04 
V 0.25 0.24 0.25 0.26 0.26 0.32 0.41 
As 0.57 0.62 0.63 0.62 0.60 0.66 0.63 
Sb 0.12 0.04 0.05 0.05 0.07 
S 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Cu+Fe 2.94 3.01 2.91 3.03 3.01 2.97 2.97 
As+Sb+V 0.94 0.91 0.93 0.93 0.93 0.98 1.04 
1. Data shown in this table are average values of each individual samples. For 
complete analyses, see Appendix. 
2. Not analyzed for Fe. 
3. Arsenosulvanite from Mongolia (Betekhtin, 1941, cited from American 
Mineralogist, v. 40, p. 368-369). 
4. Including 1.01% insoluble material. 
5. Including 3.08% insoluble material. 
The fundamental structural difference between arsenosulvanite and colusite is that 
arsenosulvanite has a space group of P43m whereas that of colusite is P43h. Since the 
Gies sulfosalt is also P43n it is likely that the mineral is colusite rather than 
arsenosulvanite. Colusite from the Gies deposit is compositionally unusual because most 
previously analyzed colusites (e.g. Landon and Mogilnor, 1933; Berman and Gonyer, 
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1939; Harada, 1948) contain between 3 and 7 wt% Sn. That from the Gies deposit 
contains no Sn. It should be pointed out that Forrest (1971) previously identified colusite 
fi'om the Collar Gulch deposit, 4 km SW of the Gies deposit, however, no compositional 
or optical data were given. 
A further unusual aspect regarding colusite from the Gies deposit is that it is 
anisotropic rather than isotropic. Wang et al. (1992) noted that one dimensional structure 
modulations, which lower the symmetry of the mineral, were observed in HRTEM 
images. These modulations are possibly compositionally controlled and may explain the 
anisotropism exhibited by the cubic mineral. 
Unnamed Mineral 2 fAg.Cu>n('As.Sb>i(Te.S'>6 
A new unnamed anhedral mineral (herein known as "unnamed mineral 2"), 5 to 10 
microns in length, coexists with hessite and tetrahedrite in stage III quartz. This mineral 
is gray in color with a brownish tint, has a reflectance of approximately 20 to 25%, and 
is characterized by a poor polish and weakly anisotropic to isotropic behavior. It was 
identified in two samples (51-13 and 51-15) and has average weight percent compositions 
of: Ag (62.98-65.52%), Cu (1.58-1.90%), As (1.16-1.56%), Sb (5.40-6.20%), 
Te (18.91-19.31%), and S (8.16-8.30%) (Talbe 15). These compositions correspond to 
an approximate formula of (Ag,Cu)g(As,Sb)i(Te,S)g. This mineral appears to be a new 
species that has not previously been identified. Unfortunately, the fine grain-size 
prohibits single crystal X-ray studies. 
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Table 15. Microprobe Analyses of Unnamed Mineral 2 
Sample 51-13 51-15 
Analysis 12 3 Average 1 2 3 4 Average 
weight percent 
Ag 62.65 62.48 62.43 62.52 63.25 62.09 63.20 63.44 62.99 
Cu 1.94 1.98 1.79 1.90 1.41 1.68 1.70 2.05 1.65 
As 0.87 1.44 1.18 1.16 1.46 1.50 1.77 2.58 1.70 
Sb 6.66 5.47 6.61 6.25 5.48 5.92 5.17 4.42 5.33 
Te 19.55 19.07 19.53 19.38 19.15 19.54 19.44 18.76 19.06 
S 8.11 8.28 8.09 8.16 8.28 8.15 8.45 8.59 8.33 
Total 99.78 98.72 99.63 99.38 99.03 98.88 99.73 99.84 99.06 
number of ions based on As+Sb = 1.00 
Ag 8.76 9.03 8.26 8.67 9.09 8.39 8.87 8.31 8.80 
Cu 0.46 0.49 0.40 0.45 0.34 0.39 0.40 0.46 0.39 
As 0.18 0.30 0.22 0.23 0.30 0.29 0.36 0.49 0.34 
Sb 0.82 0.70 0.78 0.77 0.70 0.71 0.64 0.51 0.66 
Te 2.31 2.33 2.19 2.27 2.33 2.23 2.31 2.08 2.26 
S 3.81 4.03 3.60 3.81 4.00 3.70 3.99 3.79 3.92 
As+Sb 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Ag+Cu 9.22 9.51 8.67 9.12 9.44 8.77 9.27 8.77 9.19 
Te+S 6.12 6.36 5.79 6.08 6.33 5.93 6.29 5.87 6.18 
Ratio 
Te/S 0.61 0.58 0.61 0.60 0.58 0.60 0.58 0.55 0.57 
(Ag+Cu)/Te3.99 4.08 3.97 4.01 4.05 3.93 4.02 4.22 4.08 
(Ag+Cu)/S 2.42 2.36 2.41 2.39 2.36 2.37 2.32 2.32 2.35 
(Ag+Cu)/(Te+S) 1.51 1.50 1.50 1.50 1.49 1.48 1.47 1.50 1.48 
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Silicates 
In addition to quartz, Ave silicates have been identified as gangue minerals in veins: 
roscoelite, sericite, adularia, kaolinite, chlorite. All of these minerals also occur in 
alteration assemblages. Adularia and sericite occur in stage I quartz veins with roscoelite 
and predate major telluride mineralization. Kaolinite is disseminated throughout veins 
and is locally concentrated in small white masses along with stage III tellurides. Chlorite 
is a minor mineral and occurs in stage II and III quartz veins. 
A very prominent mineral in the Gies deposit is the vanadium mica, roscoelite. It 
forms bands or aggregates in stages I, II, and III quartz. However, most is associated 
with stage I quaartz, sericite, and pyrite. Gold and silver tellurides, and sulfosalts are 
concentrated at the edge of stage III roscoelie-bearing veins and constitute an excellent 
guide to ore. This intimate relationship between gold-silver tellurides and roscoelite has 
long been recognized (e.g., Lindgren, 1907; Kelly and Goddard, 1969; Harris, 1989). 
Despite this important association, relatively little is known about roscoelite, and its 
composition is not well documented. Electron microprobe analyses of roscoelite from the 
Gies deposit shows that it is very rich in vanadium, up to 30 wt% V2O3 (Table 16). It 
appears that roscoelite associated with later stages of mineralization contain the highest V 
content. 
Carbonates 
Calcite, ankerite, and siderite occur in the Gies deposit as intergrowths with pyrite and 
tellurides in veins, as intergrowths with quartz, and most commonly as alteration 
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Table 16. Representative Microprobe Analyses of Roscoelite^ 
Sample M-1 89-Gl 89-P5 89-G5 90-Ull 51-13 90-Pll 90-U6 90-Pl Rosc^ 
weight oercent 
SiOg 44.90 44.61 39.79 46.38 43.39 42.99 45.58 48.58 48.25 40.40 
AI2O3 13.30 8.60 18.28 12.53 11.36 16.61 19.10 12.57 12.38 11.42 
V2O3 24.36 29.54 23.29 25.16 28.84 24.70 21.93 24.42 26.60 33.59 
CrgO) 0.66 0.88 0.69 
FeO 0.32 0.08 0.37 0.23 0.41 0.11 0.23 0.48 0.11 
MgO 1.62 1.28 1.43 2.16 2.29 2.47 1.99 2.42 1.48 
CaO 0.20 0.18 0.17 0.17 0.17 0.11 0.07 0.07 0.04 
K2O 9.15 7.81 8.80 8.64 7.61 7.92 7.28 8.31 8.39 10.55 
Na20 0.04 0.04 0.03 0.02 0.00 0.00 0.03 0.03 0.02 
Total 94.55 93.01 92.82 95.30 94.05 94.91 96.22 96.87 97.27 95.96 
number of atom based on oxveen = 24 
Si 6.326 6.243 5.522 6.548 6.120 6.035 6.367 6.915 6.926 6 
A1 2.208 1.417 2.991 2.087 1.888 2.748 3.145 2.109 2.095 2 
V 2.753 3.315 2.591 2.851 3.261 2.780 2.456 2.788 3.061 4 
Cr 0.074 0.098 0.076 
Fe 0.038 0.009 0.042 0.028 0.048 0.013 0.027 0.058 0.014 
Mg 0.341 0.268 0.295 0.455 0.481 0.517 0.415 0.514 0.317 
Ca 0.031 0.027 0.025 0.026 0.025 0.017 0.011 0.011 0.007 
K 1.646 1.395 1.557 1.557 1.368 1.418 1.297 1.508 1.536 2 
Na 0.012 0.010 0.007 0.005 0.000 0.000 0.008 0.007 0.006 
OH^ 5.119 6.525 6.648 4.417 5,598 4.766 3.519 2.970 2.614 4 
1. Values listed in this table are average values of individual samples. For complete 
analyses, see Appendix; 2. Theoretical formula of roscoelite: K2V4Sig02o(OH)4; 3. Based 
on weight percent OH = (100 - total). 
Table 17. Microprobe Analyses of Carbonate 
Sample 50-07 S-11 S-8 S-8 S-11 S-11 
weight percent 
FeO 1.54 0.18 9.85 9.74 22.09 21.71 
MnO 2.12 0.09 0.85 0.93 1.24 1.56 
MgO 0.65 0.16 12.39 12.59 6.79 6.89 
CaO 51.34 54.09 . 31.26 31.17 25.64 26.06 
convert to carbonate 
FeCOa 2.48 0.29 15.88 15.71 35.62 35.01 
MnCOj 3.44 0.15 1.38 1.51 2.01 2.53 
MgCOg 1.36 0.33 25.92 26.34 14.20 14.41 
CaCOg 91.63 96.54 55.79 55.63 45.76 46.51 
Total 98.91 97.31 98.97 99.18 97.60 98.46 
atomic percent 
FeCOj 2.18 0.26 13.52 13.33 32.34 31.48 
MnCO] 3.04 0.13 1.18 1.29 1.84 2.29 
MgCO] 1.76 0.41 55.15 56.20 36.85 36.79 
CaCOj 93.14 99.20 54.98 54.66 48.10 48.42 
Mineral^ Cal Cal Ank Ank Dol Dol 
1. Minerai name: Cal-calcite, Ank=ankerite, Dol-dolomite. 
products. Those veins that are associated with tellurides and pyrite commonly parallel 
stage III quartz veins. Electron microprobe analyses show that dolomite and ankerite are 
not pure end-members (Table 17). 
Other Minerals 
Although fluorite is a minor mineral in the Gies deposit, it formed during two stages. 
Stage II fluorite occurs in veins that are cross-cut by stage III quartz-sylvanite-krennerite-
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kaolinite veins, wiiereas, stage III fluorite cements fragmented stage II veins containing 
quartz, roscoelite, and pyrite. 
Hematite occurs as a supergene product and as a constituent of stage II and III veins 
where it coexists with pyrite and chalcopyrite or sphalerite and pyrite. Magnetite is 
present in stage III veins primarily in the deeper portions of the mine (L. Swanson, 
personal communication, 1989). 
Barite is the only sulfate in the deposit. It coexists with quartz, hessite, chalcopyrite, 
and tetrahedrite in stage III veins. 
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FLUID INCLUSION STUDY 
Doubly polished wafers, approximately 0.3 to 0.5 mm thick, of quartz from stage I, 
II, and ni veins were prepared for fluid inclusion study. Microthermometric 
measurements were made on a Fluid Inc. adapted U.S. Geological Survey gas flow 
heating/freezing stage calibrated with synthetic fluid inclusions. The estimated accuracy 
is ±0.1 °C between -56.6°C and 100°C, and ±2°C at 374.1'C. Reproducibility is 
within the estimated accuracy of the temperature determination. 
Nature of the Inclusions 
In general, fluid inclusions were common in most samples and are considered to be 
dominantly primary in origin. These inclusions either occurred individually or as 
randomly oriented clusters. Primary inclusions are two-phase liquid-vapor inclusions 
consisting of between 20 and 30% vapor mostly, which homogenize into the liquid phase. 
The inclusions range from 5 to > 50 microns in length and have negative crystal to 
irregular shapes. Due to the presence of fractures on the ends of several large inclusions 
microthermometric measurements were restricted to inclusions between 10 and 20 
microns in length. 
Although not as abundant as primary inclusions, planes of inclusions along healed 
fractures were also common. These are considered to be secondary in origin, however, it 
is possible that some may be pseudosecondary. Secondary inclusions are generally < 5 
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microns in length and are two-phase liquid-vapor inclusions. The liquid to vapor ratios 
are similar to those of primary inclusions. 
Heating and Freezing Measurements 
The results of heating and freezing experiments are listed in Table 18 and are shown 
in Figures 13 and 14. Two or three measurements were conducted on every inclusion 
measured and were averaged. Homogenization temperatures (Tj,) of primary inclusions 
in stage I quartz range from 270°C to 317°C with a mean of 293±10°C (mean±a) 
(Figure 13a). Even though stage II primary inclusions exhibit a wide range of T^ (222° 
to 282°C), the majority of T^ values range from 240° to 270°C and exhibit a slightly left 
skewed mode of 245°C (Figure 13b). This skewness is largely due to one sample (89-
Gl). If this sample is excluded the mean T^ is 256°±9°C. Values of Tjj of primary 
inclusions in stage III quartz range from 195° to 250°C with a mean of 220°±13°C 
(Figure 13c). 
Measurements of T^ for secondary inclusions are limited (n = 24) but show a 
bimodal distribution of temperatures (Table 18). Group 1 ranges from 215° to 235°C 
and were obtained from stage I and II quartz. This range corresponds to the approximate 
range of Tj, for stage III primary inclusions (see particularly Figure 15 for sample 89-
Gl). Values of Tjj for group 2 inclusions range from 140° to 186°C. It is unclear 
whether these represent fluids associated with stage IV mineralization. 
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Table 18. Fluid Inclusion Thermometry Data 
Th' (°C) CO 
Sample Stage^ Type-* 
Range(n^) Ave(a®) Range(n^) Ave(ff®) Salinity 
89-Gla I P 270-313(21) 291(12) -3.5-4.7(5) -4.1(0.5) 6.6 
89-Pl I P 291-313(8) 300(7) 
90-P15a I P 277-318(25) 300(25) -4.6-5.1(5) -4.8(0.2) 7.6 
50-09 I P 273-311(26) 295(26) -3.5-4.8(10) -4.1(0.4) 6.6 
S 225-235(3) 229(4) -4.7-5.0(3) -4.8(0.1) 7.6 
51-05 I P 271-281(10) 274(3) -4.0-4.7(4) -4.4(0.3) 7.0 
M-1 I P 287-298(5) 292(4) 
89-Glb II P 
S 
240-272(31) 
215-226(13) 
254(10) 
219(3) 
-4.2-4.7(5) -4.5(0.1) 7.2 
89-04 II P 222-257(8) 241(13) -3.7-4.3(3) -4.1(0.3) 6.6 
89-Pl II P 243-269(10) 255(7) 
90-P4 II P 257-282(7) 262(9) 
90-P15b II P 240-272(22) 254(9) 
91-019 II P 237-264(9) 252(9) 
51-10 II P 
S 
243-278(17) 
140-181(6) 
253(11) 
159(21) 
-3.9-4.6(3) -4.2(0.3) 6.7 
51-11 II p 272(1) 272 
51-14 II p 252-264(4) 258(4) 
51-20 II p 251-272(6) 262(7) 
89-05 III p 203-223(10) 214(8) -3.9-4.5(3) -4.1(0.2) 6.6 
s 183-186(2) 185(2) -4.6-4.9(2) -4.8(0.2) 7.6 
90-P6 III p 228-240(8) 236(4) -3.8-4.7(3) -4.3(0.4) 6.9 
90-P7 III p 206-241(16) 222(10) -4.8-5.1(5) -5.0(0.1) 7.9 
90-P9 in p 185-239(9) 213(18) 
90-U6 III p 226-246(12) 235(6) -3.6-4.5(4) -4.2(0.4) 6.7 
90-U9 III p 230-240(4) 236(4) 
90-U10 III p 225-242(8) 232(5) -4.4-4.8(2) -4.6(0.2) 7.3 
90-U18 III p 213-219(7) 215(2) 
90-U22 III p 210(1) 210 
91-015 III p 211-223(4) 216(5) 
91-018 III p 209-238(12) 222(9) -4.0-4.1(2) -4.1(0.1) 6.6 
50-01 III p 203-222(8) 213(5) -4.1-4.4(2) -4.2(0.2) 6.7 
51-04 III p 199-207(7) 202(2) 
51-12 III p 196-204(4) 199(3) 
51-13 III p 200-232(8) 220(9) 
1. Th - Homogenization temperature. 2. Trnjcg - Ice melting temperature. 3. 
Stage - Stage of quartz vein formation. 4. Type - Fluid inclusion type: P - primary; S -
secondary. 5. n - Number of measurement. 6. cr - Standard deviation. 7. Salinity in 
equivalent wt% NaCl. 
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Despite the fact that inclusions were frozen to < -140°C, no phase changes 
occurred until the first melting of ice at approximately -23°C. This eutectic temperature 
suggests the dominance of NaCl, and possibly a little KCl, in solution. Freezing point 
depressions for primary inclusions and two secondary inclusions in all three stages of 
quartz show a very narrow range (-3.5° to -5.1°C) which corresponds to a salinity of 5.7 
to 8.0 equivalent wt% NaCl (Potter et al., 1978). 
Pressure Determination 
Wallace (1953) and Forrest (1971) suggested on the basis of geological 
considerations that the depth of burial of alkalic intrusions was 0.9 to 1.8 km, and 0.9 to 
1.2 km, respectively. Since the Gies deposit occurs near the top of quartz monzonite 
porphyry, these depths can be approximated as the depth of gold-silver telluride 
mineralization. They overlap those (0.5 to 1 km) typical of epithermal precious metal 
deposits (Ohmoto, 1986; Heald et al., 1987). A depth of 1 km, for example, equates to 
a lithostatic pressure of 260 bars or a hydrostatic pressure of 100 bars, and corresponds 
to pressure corrections to Tjj of 25° and 5°C, respectively. It will be shown later, 
utilizing oxygen and hydrogen isotopes, that a meteoric water component is involved in 
the ore-forming fluids. In order to convect meteoric water fluids several kilometers in 
depth a hydrostatic pressure is required (e.g., Nesbitt and Muehlenbachs, 1989). As 
such, approximately 5°C (pressure correction) should be added to values of Tjj to yield 
the trapping temperature. The mean trapping temperatures of stage I, II, and III fluids 
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are, therefore, 300°, 260°, and 225°C, respectively. Note that a hydrostatic pressure of 
100 bars is compatible with a minimum pressure of 80 bars, derived from the data of 
Haas (1971), for a non-boiling fluid with a salinity of 5 to 10 equivalent wt% NaCl that 
homogenized at 300°C. 
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STABLE ISOTOPE STUDIES 
Hydrogen, carbon, oxygen, and sulfur isotopes can be used to elucidate the origin 
and evolution of hydrothermal fluids, and to determine conditions of ore formation 
(Ohmoto, 1972, 1986; Taylor, 1974, 1979; Ohmoto and Rye, 1979). In this study, ore-
forming and alteration minerals, in addition to country rock quartz monzonite, syenite, 
and tinguaite were isotopically analyzed to determine the conditions of gold-silver 
telluride mineralization and the origin of the ore-forming components. 
All samples selected were hand-picked and checked under a binocular microscope to 
insure a purity of > 95%. However, the purity of some sulfides may be slightly lower 
for sphalerite and galena due to their intimate intergrowth. 
Isotope analyses of oxygen, carbon, and sulfur were performed on a Nuclide 6" 60° 
sector mass spectrometer, and hydrogen isotope analyses were conducted on the 3" 30° 
sector of the same instrument in the Department of Geology, Indiana University. 
Hydrogen isotope determinations were made on fluids released by thermal decrepitation 
of fluid inclusions in quartz and from kaolinite and roscoelite. Samples for fluid 
extraction were chosen on the basis of the highest proportion of primary inclusions 
relative to secondary inclusions. Water from fluid inclusions in quartz and hydrous 
minerals was converted to H2 gas by successive passes over uranium heated to 800°C 
(Friedman, 1953). 
Oxygen was released from quartz, silicates or whole-rock samples and isotopically 
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analyzed using the BrFg extraction technique described by Clayton and Mayeda (1963). 
Carbon and oxygen isotopes of carbonates were determined by liberating CO2 with 100% 
phosphoric acid at 25°C. Sulfides were prepared for sulfur isotope analyses by 
combustion with excess CuO at 1100°C to yield SO2 (Fritz et al., 1974). 
The isotopic ratios are reported in the standard notation in per mil relative to Vienna 
SMOW for oxygen and hydrogen, Pee Dee Belemnite (PDB) for carbon, and Canyon 
Diablo troilite (CDT) for sulfur. Analytical precision is generally better than ±0.05 per 
mil for and ô^^C, between ±0.05 and 0.10 per mil for ô^'^S, and ±1 per mil for 
ÔD. 
Oxygen and Hydrogen Isotopes 
Vein Minerals 
Eighteen oxygen isotope analyses were made on vein quartz from stages I, II, and 
III. Most of the samples chosen were used in fluid inclusion studies for Tjj 
determination. Fluids released from five samples were analyzed for hydrogen isotope 
values. A sample of roscoelite and kaolinite were analyzed for oxygen and hydrogen 
isotope compositions. Because quartz could not be entirely separated from roscoelite, the 
oxygen isotope composition of roscoelite is slightly in error. 
Values of for samples of stage I quartz range from 13.1 to 17.8 (mean = 16.2 
± 1.7 per mil) (Table 19). Assuming values of T^ of fluid inclusions represent 
equilibrium temperatures between ore fluids and quartz, the calculated values of 
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Table 19. Oxygen and Hydrogen Compositions of the Vein Minerals from the Gies Mine 
Sample Mineral ÔD glSQ 
" ^water ^^water T°C^ 
Stag? I 
50-02 Quartz 17.8 
50-09 Quartz 15.7 -92 8.8 -92 308 
50-17 Quartz 17.2 
51-05 Quartz 17.3 -91 9.2 -91 278 
M-1 Quartz 13.1 5.8 296 
Stage 11 
89-Gl Quartz 15.2 -102 6.2 -102 259 
89-G4 Quartz 18.1 8.7 246 
89-G7 Quartz 15.7 
89-Pl Quartz 15.8 6.8 258 
89-P5 Quartz 16.2 
51-10 Quartz 17.1 8.1 251 
51-14 Quartz 16.2 7.7 263 
89-G7 Roscoelite -78 -88 255 
Stape in 
89-G5 Quartz 14.6 3.6 219 
90-U6 Quartz 13.8 -115 4.1 -115 240 
90-U9 Quartz 14.8 5.4 241 
50-01 Quartz 16.2 5.1 218 
51-04 Quartz 17.9 -95 6.2 -95 207 
51-17 Quartz 14.9 
89-G6 Kaolinite 7.9 -99 3.3 -100 225 
1. Homogenization temperature from fluid inclusion studies. 
fluids range from 5.9 to 9.4 per mil utilizing the quartz-water equation of Clayton et al. 
(1972). Note that fluid inclusion trapping temperatures are only approximately 5°C 
higher than Tjj and will not significantly alter the values of Ô^^O. Hydrogen isotope 
analyses of fluids extracted from inclusions in stage I quartz samples 51-05 and 50-09 are 
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-91 and -92 per mil, respectively (Table 19). 
Values of for stage II quartz range from 15.2 to 18.1 per mil (mean = 16.3 ± 
0.9 per mil). Calculated values of of the fluid in equilibrium with quartz are 6.4 to 
8.7 per mil and overlap values obtained for stage I fluids. A 8D value of -78 per mil 
was obtained from stage II roscoelite. Assuming that the isotopic behavior of roscoelite 
is similar to that of muscovite at 260°C, the estimated ôD value of fluid in equilibrium 
with roscoelite is -88 per mil using the muscovite-vater fractionation curve of Bowers and 
Taylor (1985). This value is comparable to a value of -102 per mil obtained on water 
extracted from stage II quartz sample 89-Gl. 
For stage III quartz, values of range from 13.8 to 17.9 per mil (mean = 15.4 
± 1.3 per mil) overlap those of stage I and II quartz. However, the calculated of 
fluids range from 3.6 to 6.2 per mil and are signiflcantly lower than those of stage I and 
II fluids. Kaolinite separated from a stage III quartz-calcite-kaolinite vein has and 
ÔD values of 7.9 and -99 per mil, respectively. Utilizing the kaolinite-water fractionation 
of Lambert and Epstein (1980) and Liu and Epstein (1984), at 225°C, the mean trapping 
temperature of stage III fluids, the ôD of the fluid is -100 per mil and comparable to 
values of -95 and -115 per mil obtained from fluids in stage III quartz. Similarly, the 
value of 3.3 per mil determined for fluid in equilibrium with kaolinite (Kulla and 
Anderson, 1978) is similar to that derived from stage III quartz fluids (3.6 to 6.2 per 
mil). 
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Mineral Separates from Intrusives 
Twelve oxygen isotope analyses were made on feldspar phenocrysts from unaltered 
and altered monzonite, syenite, and tinguaite porphyries. Despite differences in rock 
type and alteration intensities, the range of was only 2.7 per mil (7.1 to 9.8 per mil) 
(Table 20). For fresh samples of syenite (An content of plagioclase = 30-40%), quartz 
monzonite (An content of plagioclase = 25-35 %), and tinguaite (Or content of sanidine 
= 95%), values of are 7.1 to 7.8 per mil, 7.4 to 8.6 per mil, and 9.8 per mil, 
respectively. Such values are considered to be of magmatic origin when feldspar and 
whole rock values are similar (Taylor, 1974; Taylor and Sheppard, 1986). 
Values of for altered quartz monzonite and tinguaite samples are 7.4 to 9.8 per 
mil, and 7.3 to 7.6 per mil, respectively. Since feldspars are one of the most isotopically 
sensitive minerals (O'Niel, 1987), isotopic equilibrium between hydrothermal fluids and 
feldspar is possible. Assuming an alteration temperature of 300°C (trapping temperature 
of stage I fluid inclusions), the calculated values of the fluids range from 2.2 to 4.7 
per mil (Clayton et al., 1972; Matsuhisa et al., 1979). These values are much lower than 
those determined for stage I fluids. Similarly, if stage III fluids are considered (trapping 
temperature of 225 °C), values of fluids in equilibrium with the intrusive rocks (-0.6 
to 1.9 per mil) are considerably lower than those determined for stage III fluids in 
equilibrium with quartz. This discrepancy indicates that isotopic equilibrium between 
alteration fluids and the intrusive rocks was never attained. This apparent disequilibrium 
may be due to low water-rock ratios during water-rock 
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Table 20. Oxygen Isotope Composition of Feldspar Phenocryst from Intrusive Rocks 
Sample Mineral Remark 
Tineuaite 
90-S3 Sanidine 9.8 Fresh, Or95 
50-07 Microcline 7.6 Slightly altered, 0r80 
S-1 Microcline .7.5 Slightly altered, 0r80 
90-U9 Microcline 7.3 Slightly altered, Or75 
Monzonite 
90-S5 Andesine 8.6 Fresh, An30 
90-S7-2 Microcline 7.4 Fresh, Or75 
50-08 Andesine 7.4 Altérai, An30 
51-03 Andesine 7.9 Altered, An30 
S-11 Adularia 9.8 Strongly altered, Or95 
Svenite 
90-S19 Andesine 7.7 Fresh, An40 
90-S25 Andesine 7.8 Fresh, An40 
90-S27 Andesine 7.1 Fresh, An40 
interaction (Taylor, 1979; Criss and Taylor, 1986). Using Taylor's (1977) water-rock 
ratio equation, a shift in of 1 per mil, at 300°C for an original value of -15 
per mil for the water (see below) equates to a water-rock ratio of 0.055 (molar ratio) or 
0.07 weight % ratio. This ratio is extremely low by comparison to ratios associated with 
other hydrothermally altered intrusive rocks in western North America (Criss and Taylor, 
1986; Magaritz and Taylor, 1986). 
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Carbon and Oxygen Isotopes of Carbonate 
Carbon and oxygen isotope analyses were made on four samples only: dolomite from 
a stage II dolomite-fluorite vein; calcite in a stage III vein that cross-cuts country rock 
siltstone and sandstone; and limestones from the Ellis and Madison Groups, 500 m and 
2,000 m from the Gies deposit, respectively (Table 21). 
Utilizing the dolomite-water fractionation curve of Sheppard and Schwarcz (1970), 
the of fluid in equilibrium with dolomite at 260°C (trapping temperature of stage II 
fluids), is 10 per mil and approximately 2 to 3 per mil heavier than values derived from 
fluids in equilibrium with stage II quartz. The Ô^^C value of dolomite is -4.4 per mil. 
Given a value of of 7.9 per mil for stage III calcite and a precipitation 
temperature of 225°C, the value of the hydrothermal fluid is -0.6 per mil, using the 
calcite-water fractionation curve of O'Niel et al. (1969). 
The ô^^C values of the two limestones are -1.4 and 1.4 per mil and are typical of 
marine limestone values (Ohmoto and Rye, 1979). The calculated S^^C values for CO2 
in equilibrium with stage II dolomite and stage III calcite are -3.9 per mil and -1.8 per 
mil, respectively and are compatible with a fluid derived from a marine limestone source. 
However, it is more difficult to explain the values of 8.9 per mil and 14.9 per mil 
for the Ellis and Madison Group limestones,respectively which are low by comparison to 
the majority of Phanerozoic limestones found elsewhere (20 to 30 per mil). 
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Table 21. Carbon Isotope Composition of Carbonate 
Sample Mineral/Rock Ô^^C T°C 
Vein mineral 
90-U18 Calcite 7.9 -2.3 -0.6 210 
89-G6 Dolomite 18.5 -4.4 10.0 250 
Rocks outside of the deposit 
90-S30 Limestone^ 8.9 -1.4 
90-S31 Limestone^ 14.9 1.4 
1. Jurassic Ellis Group. 
2. Mississippian Madison Group. 
Sulfur Isotope 
Twenty one sulfur isotope analyses were determined on sphalerite, pyrite, and galena 
from stage I, II, and III veins, and one pyrite sample from Jurassic Ellis Formation. 
Values of are concentrated over a narrow range from -1.0 to 3.1 per mil for sulfides 
from the Gies deposit and are in contrast to a value of -15.9 per mil for pyrite from the 
Ellis Formation (Table 22 and Figure 16). Although ô^'^S values of coexisting sulfides 
show the expected isotopic fractionation trend (i.e. > ô^'^Ssphaiente > 
ô^'^Sgaiena)' temperatures obtained from pyrite-galena and sphalerite-galena pairs are 
considerably higher than those obtained from fiuid inclusion studies. The possible 
reasons for the poor results derived from the sulfur isotope geothermometer are: (1) 
kinetics were so slow that equilibrium was never attained between sulfides; 
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Table 22. Sulfur Isotope Compositions and geothermometry of the Gies deposit 
Sample T°C T'C" 
Pyrite Sphalerite Galena Stage 
51-25 1.2 0.8 -0.4 I 525 503 
90-U16 0.2 1.3 0.0 I 1985 472 
89-P8 0.4 I 
89-Gl 2.0 1.4 -0.3 II 393 379 
89-Pl 1.3 0.8 -1.0 II 393 361 
51-14 2.1 II 
89-G4 1.9 1.5 -0.2 III 424 379 
89-G5 1.7 3.1 0.9 III 856 300 
90-Pyl -15.9 (from Jurassic Ellis shale) 
1. T(°C) calculated from the equations (Ohmoto and Rye, 1979): 
a. Pyrite-Galena: T = (1.01 * 10^) / (5py^^^ 
b. Sphalerite-Galena: T = (0.85 * 10^) f (ôsphW^^^ 
(2) re-equilibration of sulfur isotope compositions, particularly for pyrite upon cooling 
(e.g., Spry, 1987); (3) sulfides in the same stage may have formed at different times and 
never reached isotopic equilibrium. This is particularly pertinent to pyrite which appears 
to be slightly paragenetically earlier than other sulfides in each stage; and (4) sphalerite 
and galena contained trace impurities of each other. It is likely that the last three reasons 
are the most important because Barnes (1979) and Ohmoto and Lasaga (1982) have 
shown that reduced aqueous sulfur (H2S(aq)) should easily reach isotopic equilibrium with 
simple sulfides under hydrothermal conditions. 
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DISCUSSION 
Origin of the Ore-Forming Fluids 
A ô^®0-ôD diagram shows that ô^®0 values of stage I, II, and III fluids range from 
3.6 to 9.2 per mil and overlap the isotopic compositions of magmatic fluids (5.5 to 9.5 
per mil) (Sheppard, 1986; Ohmoto, 1986). In contrast to 0^®0 values, ôD values of 
stages I, II, and III fluids (-115 to -88 per mil) are considerably lighter than expected for 
magmatic fluids (-80 to -40 per mil). Sheppard and Taylor (1974) have shown that local 
meteoric water of Cretaceous-Tertiary in Montana had ôD values of -130 to -110 per mil, 
and 0^®0 values of -18 to -14 per mil. It is possible that the ore-forming fluids in the 
Gies deposit had inputs of magmatic and meteoric components. 
A simple mixing between magmatic and meteoric components is unlikely because 
stage I, II, and III ore fluids do not fall along a mixing line between these end-members 
(Figure 17, Table 23). Instead stage I, II, and III ore fluids fall along a straight line 
ending at the magmatic water box that has a steeper slope than the meteoric-magmatic 
mixing line. Values of 5D appear to be relative light in comparison to those fluids that 
fall on the magmatic-meteoric water mixing line. 
Rather than a process of simple end-member magmatic-meteoric water mixing, stage 
I, II, and III 0^®0 and ôD values can be best explained by mixing of magmatic water with 
evolved meteoric water. Assuming that ô^^O value of meteoric water shifted to +2 per 
mil and using a simple mixing model, 25%, 38% and 63% of meteoric water was 
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Table 23. Percentage of Meteoric Water in Ore-forming Fluids 
Percent of meteoric water 
Meteoric water^ Evolved meteoric water^ 
0-isotope^ H-isotope'^ 0-isotope^ H-isotope'^ 
Stage I 8 25 25 25 
Stage II 4 17 17 17 
Stage ni 9 40 40 40 
1. Simple mixing of meteoric water with magmatic water. Starting isotopic 
compositions (per mil): 
magmatic water = +10, ôD = -80 
meteoric water = -15, ôD = -120 
stage I fluid = +8, ôD = -90 
stage n fluid = +7, ôD = -95 
stage m fluid = -1-5, ôD = -105 
2. Mixing of evolved meteoric water with magmatic water. Starting isotopic 
compositions are the same, except: meteoric water = +2, 5D = -120. 
3. Calculated from oxygen isotope data. 
4. Calculated from hydrogen isotope data. 
incorporated in stage I, II, and III fluids, respectively. This calculation is approximate at 
best because of the uncertainty in starting isotopic compositions of magmatic and 
meteoric fluids, the approximation of isotopic compositions of stage I, II, and III fluids, 
and the assumption that the composition of meteoric water evolved and shifted from -15 
to 2 per mil. However, the isotopic values clearly suggest the progressive incorporation 
of meteoric fluid in the ore fluids from stage I through stage III. 
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Two lines of evidence support the concept of an evolved meteoric water component. 
First, if there was a simple mixing of magmatic water with meteoric water, a decrease in 
the salinity of fluids from stage I through stage III should be expected. This is clearly 
not the situation because fluid inclusion data suggests that salinities remained constant at 
6 to 8 equivalent wt% NaCl for all three stages. Second, a significant isotopic shift in 
fluids is to be expected in environments of low water-rock ratios. 
Water-rock Interaction 
The total volume of fluid involved in the formation of the quartz veins and contained 
gold-silver telluride mineralization can be estimated utilizing various physical and 
chemical parameters. The total volume of quartz in the Gies deposit can be determined 
from the approximate volume of quartz in the 2L and main veins (500 m * 200 m * 0.2 
m = 20,000 m^). If the solubility of dissolved Si02 decreases by 0.1 wt% during the 
formation of the quartz veins (Holland and Malinin, 1979), then the total volume of water 
required to precipitate 20,000 m^ of quartz is 10® tonnes. The total amount of gold in 
the veins (1,300 kg) can be estimated from the volume of the veins and the grade of gold 
(0.4 oz/tonne). If the solubility of gold in the fluids drops 1.5 ppb during gold 
precipitation (Brown, 1986), the total weight of the fluids is approximately 9 * 10® 
tonnes, and is nearly one order of magnitude higher than that estimated from the weight 
of fluids that precipitated quartz. If a value of > 1.5 ppb is chosen (see Seward, 1984; 
Shenberger and Barnes, 1989; Hayashi and Ohmoto, 1991) the amount of water involved 
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in precipitating 1,300 kg of Au decreases. Stage I and II quartz veins probably account 
for approximately 90% of the volume of quartz in the Gies deposit. If we assume 
volumes of 25%, 38% and 75% meteoric water for stage I, II, and III fluids, as shown 
previously, the calculated meteoric water content involved in stages I and II is 2.7 to 24.3 
* 10^ tonnes, and 0.6 to 5.4 * 10^ during stage III, for a total meteoric water content of 
3.3 to 29.7 * 10^. If these values are correct, the amount of magmatic water in the Gies 
deposit should be 6.7 to 60.3 * 10^ tonnes, or approximately twice the amount of 
meteoric water. Using a water-rock ratio of approximately 0.1, the total amount of rock 
involved in this process is 3 to 30 * 10® tonnes, of 0.1 to 1 km^. This volume is 
reasonable if the source of the ore-forming fluids is quartz monzonite porphyry at Elk 
Peak. 
Source of Sulfur 
Since aqueous H2S was the dominant sulfur species in the ore-forming fluids (see 
below), the sulfur isotopic composition of the total sulfur can be approximated by the 
sulfur isotopic composition of aqueous H2S. Utilizing fractionation factors between 
sulfides and H2S in Ohmoto and Rye (1979) and values of ô^'^S of sulfides in the Gies 
deposit shows that ô^'^S of aqueous H2S is -1 to 3.5 per mil. This overlaps the 0 to 2 per 
mil range typically assigned to magmatic sulfur values (Taylor, 1986; Ohmoto, 1986). A 
sedimentary sulfur source is unlikely since a single S^'^S value of -15.9 per mil from the 
Ellis Formation is considerably lighter than those in the Gies deposit. Unfortunately, 
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sulfides are rare in the country rocks surrounding the Gies deposit and it is impossible to 
determine the sulfur isotopic variability in the complete Cambrian to Cretaceous 
sedimentary sequence. 
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PHYSICO-CHEMICAL CONDITIONS OF ORE FORMATION 
The conditions of ore formation of the Gies deposit can be determined from the 
mutual stability of minerals in each stage, the composition of various minerals, and the 
ionic content of various species in the ore-forming solution. In the following discussion, 
stages I, II, and III are indicated as separate events but it is likely that each stage is part 
of a continuum of hydrothermal processes related to one overall event. This concept is 
supported by the overlap in range of values of T^, salinities, ô^®0, ôD, and ô^'^S, the 
presence of pyrite, quartz, roscoelite, sphalerite, and calcite in all three stages, and the 
progressive increase in the FeS content of sphalerite (coexisting with pyrite), and V2O3 
content of roscoelite from stage I through III. 
Sulfur and Tellurium Fugacities 
The sulfur fugacity can be determined from the FeS content of sphalerite coexisting 
with pyrite (Barton and Toulmin, 1966; Scott and Barnes, 1971; Barton and Skinner, 
1979). The mole % Fe content of sphalerite coexisting with pyrite in the Gies deposit is: 
0.92 to 1.50 for stage I, 2.04 to 5.96 for stage II, and 1.80 to 9.13 for stage III. 
Utilizing the relationship defined by Barton and Skinner (1979): 
log XFe(sphalerite) = 7.16 - 7730/T - 1/2 log fSg (1) 
where T is temperature in degrees Kelvin, and Xpg(sphalerite) is the mole fraction of Fe 
in sphalerite (in equilibrium with pyrite), the calculated sulfur fugacities (log fS2) are 
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-8.58 to -9.00 for stage I, -11.30 to -12.23 for stage II, and -13.54 to -14.95 for stage 
ni mineralization utilizing trapping temperatures from fluid inclusion studies. 
If the sulfur fugacity is known, the tellurium fugacity can be calculated from 
coexisting sulfide and telluride mineral assemblages (Afîfi et al., 1988a, b). The only 
period of mineralization at the Gies deposit where tellurium fugacity can accurately be 
determined is stage II where galena and altaite precipitated along with pyrite and 
sphalerite. From the galena-altaite equilibrium; 
PbS + 1/2 Te2(g) = PbTe + 1/2 (2) 
tellurium fugacity can be expressed as 
log fre2 = log fS2 - 2 log K (3) 
where K is the equilibrium constant (and is a function of T). For a range of log fS2 = 
-11.30 - -12.23 and a value of log K = -1.18 (Table 24), the range of log fre2 for this 
assemblage is -8.94 to -9.87 (Figure 18). The upper and lower limits of log fre2 for 
stage II mineralization can be defined by the absence of native tellurium (< -7.5) and the 
lack of development of coexisting acanthite-hessite (> -15.12 to -16.05 for log fS2 = 
-11.30 to -12.23) (Figure 18). 
Native tellurium coexists with hessite and pyrite in stage III assemblages. In order to 
precipitate native tellurium, log fre2 must be > -8.76 at 220°C. In combination with 
log fS2 values derived from sphalerite compositions (-13.94 to -14.95), it appears that 
stage III fluids had higher tellurium and lower sulfur fugacities than stage II fluids. 
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Table 24. Equilibrium constants for reactions used in the construction of 
Figures 18 and 19 
Reaction" 
Temperature (T°C) 
180 200 220 240 260 280 300 
1 -37.18 -35.31 -33.57 -31.96 -30.45 -29.05 -27.76 
2 32.73 31.64 30.63 29.70 28.84 28.05 27.33 
3 38.95 37.89 36.92 36.01 35.18 34.41 33.71 
4 66.84 63.74 60.87 58.19 55.70 53.38 51.23 
5 -9.30 -8.62 -7.99 -7.40 -6.85 -6.33 -5.85 
6 -20.28 -19.13 -18.07 -17.09 -16.18 -15.34 -14.56 
7 -10.23 -9.47 -8.76 -8.11 -7.51 -6.96 -6.45 
8 -1.41 -1.34 -1.28 -1.23 -1.18 -1.13 -1.08 
9 2.16 2.07 1.98 1.91 1.84 1.78 1.72 
10 7.87 7.78 7.69 7.61 7.53 7.46 7.38 
11 5.40 5.14 4.89 4.64 4.41 4.18 3.96 
Source'' 
2 
2 
a. Reaction: 
1" S2(g) + 2 H2O = 2 H2S + 02(g) 
2. 2 FeS2 + 3/2 02(g) = Fe203 + 2 S2(g) 
3. 3 FeS2 + 2 02(g) = Fe^O^ + 3 S2(g) 
4. 3 FeS + 2 02(g) = Fe^O^ + 3/2 S2(g) 
5. 2 FeS2 = FeS + 1/2 S2(g) 
6. 3 Fe203 = 2 Fe^O^ + 1/2 02(g) 
"7- 2 Te(s<,iid) = Te2(g) 
8. PbS + 1/2 Te2(g) = PbTe + .5 S2(g) 
9. Ag2S + 1/2 Te2(g) = Ag2Te + .5 S2(g) 
10. 3 KAlSigOg + 2 H+ = KAl3Si30io(OH)2 + 2 K+ + 6 Si02 
1 1 . 2  K A l 3 S i 3 0 i o ( O H ) 2  +  2  H +  +  3  H 2 O  =  3  A l 2 S i 2 0 5 ( 0 H ) 4  +  2 K +  
b. Source: 1. Calculated from program CONSTANT, see Part III of this study; 
2. Sveijensky et al., 1991. 
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If stage IV mineralization is assumed to have formed at approximately 170° to 180°C 
(based on Tj, of secondary inclusions in stage III quartz), and that log fS2 of stage IV 
mineralization is the same as stage III, the presence of acanthite inclusions in hessite 
suggest that log fre2 can be calculated. From the acanthite-hessite equilibrium: 
Ag2S + 1/2 Te2(g) = Ag2Te + 1/2 S2(g) (4) 
and 
log fre2 = log fS2 - 2 log K (5) 
at 180°C, log K of equation 4 = 2.25 and log fre2 = -19.5. Figure 18 depicts changes 
in fS2 and fre2 for stages II, III, and IV mineralization. The fS2 decreases markedly 
with a concomitant slight increase in fre2 from stage II to stage III. This transition 
corresponds to the major period of sulfide deposition and the commencement of telluride 
precipitation. The major period of telluride deposition (stage III) is subsequently 
followed by a major decrease in fre2 during stage IV. 
Oxygen Fugacity and pH 
The stability of the ore-forming fluids in f02-pH space can be determined for stages 
n and III only (Figure 19). Mineral assemblages associated with stage I and IV are 
inadequate to define f02 and pH. The following conditions have been applied in 
constructing Figure 19: solution temperatures of 260° and 225°C for stages II and III, 
respectively, a total dissolved sulfur concentration (ES) of 0.01 m, a total dissolved 
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carbon concentration (EC) of 1.0 m, a salinity of 6.3 equiv wt% NaCl with mj^a+ = 1.0 
m, mK+ = 0.1 m, nica2+ = 0.01 m and mga2+ = 0.001 m. The temperatures and 
salinity were chosen on the basis of fluid inclusion studies whereas cation ratios, ES and 
EC are appropriate to hydrothermal base and precious metal fluids (Ohmoto, 1972, 1986; 
Crerar and Barnes, 1976; Casadevall and Ohmoto, 1977; Barnes, 1979). Equilibrium 
constants calculated for reactions used in Figure 19 are shown in Table 23 along with 
sources of thermodynamic data. The diagrams were constructed using the programs 
F02PH and CONSTANT that are discussed in detail in Chapter III. 
Oxygen and pH conditions for stage II mineralization can be constrained by the 
mutual stability of quartz, muscovite, pyrite, hematite and the equilibrium boundary of 
the reaction: 
5 CuFeS2 + 2 H2S(aq) + 02(gas) = CugFeS^ + 4 FeS2 + 2 H2O 
(chalcopyrite) (bomite) (pyrite) 
The shaded area has been drawn to demonstrate the coexistence of hematite and pyrite as 
well as sericite and K-feldspar in some parts of stage II veins. However, it should be 
stressed that pyrite and sericite are by far the two most common minerals. Bomite 
although present in stage II is rare by comparison to pyrite and chalcopyrite. 
For stage III, quartz, calcite, sericite, chalcopyrite and pyrite remain abundant, 
however, pH conditions are constrained close to the kaolinite-sericite boundary rather 
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than the sericite-adularia boundary as was typical for stage II fluids. Stage III is also 
characterized by the abundance of tellurides. The stability of hessite, which is discussed 
in great detail in Chapter II, can be used to further restrict the range of f02-pH 
conditions. Total dissolved tellurium (ETe) and dissolved silver concentration (EAg) = 1 
ppb have been assumed here and are appropriate for fluids that form epithermal telluride 
deposits. Due to the presence of hematite in minor amounts in the upper levels of the 
deposit and magnetite in the lowest portions of the deposit, f02-pH conditions for stage 
III fluids shown in Figure 19b are close to the magnetite-hematite boundary. 
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GENETIC MODEL FOR MINERALIZATION 
Any model concerned with the origin of the Gies deposit must take several geological 
and geochemical constraints into account: 
1. The close spatial and temporal relationship between gold-telluride mineralization 
and alkalic intrusives. 
2. A complex mineralogy for the deposit that was precipitated in three and possibly 
four stages with tellurides being precipitated during the waning stages between 225° and 
260°C from fluids with approximately 5 to 6 equiv wt% NaCl. 
3. The incorporation of evolved meteoric and magmatic fluids as indicated by 
oxygen and hydrogen isotopes. Sulfur isotopes also support a magmatic contribution. 
4. The source of gold, silver and tellurium in the form of tellurides and native 
elements, and the source of vanadium as indicated by the intimate association between 
tellurides and roscoelite. 
Although alteration is not uniformly distributed around the Gies deposit, fleld 
relations and geochemical studies of altered intrusive and sedimentary rocks suggest an 
enrichment in Mg, S, CO2, V, and probably K and Fe, coupled with a depletion of Si 
and Na. This is primarily reflected in the mineralogy of the altered rocks in which 
primary silicates are replaced by quartz, sericite, pyrite, carbonates, roscoelite, and 
adularia. These minerals, fluid inclusion studies, and oxygen and hydrogen isotope 
studies suggest that gold-silver telluride mineralization was precipitated from mildly 
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acidic, moderately saline (5 to 6 equiv wt% NaCl), non-boiling fluids, at temperatures 
between ISO" and 300°C. The volume of fluid was small by comparison to other 
epithermal systems as indicated by low water/rock ratios. 
Sulfur, oxygen and hydrogen isotopes clearly indicate a magmatic component to the 
ore fluids; oxygen and hydrogen isotopes, however, suggest a significant evolved 
meteoric water content with the ore-forming system progressively changing from a 
magmatic fluid dominated system to a meteoric fluid dominated system. Although the 
Gies deposit occurs near the contact of quartz monzonite and syenite porphyry intrusions 
partly in a septum of Paleozoic sediments, it is primarily located in quartz monzonite 
porphyry. The quartz monzonite, and possibly syenite and tinguaite are obvious potential 
sources of precious and base metals, as well as Te and V. Although, none of these 
intrusive rocks are particularly enriched in any of these metals, mass-balance calculations 
show that quartz monzonite stock at Elk Peak is sufficiently large to supply the requisite 
ore-forming components. 
Alternatively, it can be speculated that metals may have been derived by leaching of 
sedimentary country rocks or remobilized from Archean basement rocks. Unfortunately, 
no chemical data are available on the concentration of precious and base metals in the 
sedimentary country rocks, however, a single sulfur isotope from country rocks does not 
support this hypothesis. Until, trace and sulfur isotope analyses of country rock 
sediments have been done it is impossible to assess their potential in contributing ore-
forming components. 
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The presence of fuchsite-bearing inclusions in porphyries in the Judith Mountains 
which are also known in basement Archean rocks (M. Garverich, personal 
communication, 1990), and the presence of through going faults (e.g. Cat Creek Fault) 
which are splintered off deep fundamental fault zones that form part of the Lewis and 
Clark support a basement origin for the ore-forming system. However, it is too 
fortuitous that all of the larger gold-silver telluride deposits in the Judith Mountains, 
including the Gies deposit, are spatially related to quartz monzonites (Spotted Horse, 
Giltedge) or monzonites. Furthermore, there are many geological, mineralogical, 
chemical similarities between the Gies deposit and gold-silver telluride deposits elsewhere 
that almost certainly derived ore-forming components from spatially related alkalic 
intrusives (e.g. Kendall, North Mocassin Mountains, Montana (Kurisoo, 1991), Zortman, 
Little Rocky Mountains, Montana (Wilson and Kyser, 1988), Golden Sunlight, Bull 
Mountain, Montana (Porter and Ripley, 1985), Cripple Creek, Colorado (Thompson et 
al., 1985), Bessie G, Colorado (Saunders and May, 1986), Forgera, Papua-New Guinea 
(Richards, 1992), Emperor, Fiji (Ahmad et al., 1987). Of these deposits, roscoelite is 
found at the Gies, Spotted Horse, Maginnis, Porgera, and possibly the Golden Sunlight 
deposits. 
If we assume that all the necessary components (precious and base metals, sulfur, 
tellurium, and vanadium) were carried initially by magmatic dominated fluid, possibly 
derived from the Elk Peak quartz monzonite porphyry, the meteoric water component 
probably served to act as a condenser of gases and metals. The process of condensation 
80 
is considered critical by Hedenquist and Aoki (1991) because the volatile components in a 
magmatic fluid (gases and metals) would escape to the surface. They also considered that 
this meteoric involvement was necessary in the formation of hydrothermal ores at depths 
typical of the epithermal environment. 
A model to explain the formation of the Gies deposit that is most compatible with the 
available geological and geochemical data is summarized: 
1. Alkalic magmas probably rose from asthenospheric mantle or the shallowly-
dipping Farallon Plate subduction zone along fundamental crustal fractures of lineaments 
but were focussed at the intersection of less prominent fault zones such as the Cat Creek 
fault zone and NNE-trending faults in the Big Snowy Mountain region (Kohrt, 1991). 
2. The alkalic intrusive activity initiated zones of weaknesses at the alkalic intrusion-
sediment interface to produce vertical faults that acted as channel ways for ascending 
hydrothermal fluids. 
3. Evolved meteoric fluid served to condense the ore-forming volatile components 
(e.g., S, Ag, Au. Pb, Zn. Cu, Te and V) from the magmatic fluid during the waning 
stages of fractional crystallization of the alkalic magma. Vanadium may have been 
released to the ore fluid during alteration of oxides that had crystallized from the magma. 
Magnetite with low vanadium contents are known from other alkalic intrusive provinces 
that have roscoelite associated with gold-silver telluride mineralization (e.g., Porgera 
(Richards, 1990)). That mixing of evolved meteoric water and magmatic fluid took place 
prior to precious metal precipitation is evidenced by the uniform salinity of fluid inclusion 
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in stages I, II, and III. 
4, As evolved meteoric water became increasingly incorporated in the ore-bearing 
fluid, sulfides precipitated first during stages I and II, followed by tellurides during stages 
II, III, and IV. Concomitant with this paragenesis, was a decrease in T (from 300° to 
180°C), pH, fS2 and f02, and an increase in fre2 and vanadium content of the ore-
forming fluid. Gold-silver tellurides precipitated (stage II mainly) prior to silver 
tellurides (stage III mainly) and native elements, gold and tellurium. 
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CONCLUSIONS 
Major conclusions from this study are: 
1. Gold-silver telluride mineralization at the Gies mine consists of two high angle, 
nearly parallel veins, composed mainly of quartz, roscoelite, sulfides and tellurides. 
These veins were formed in three different stages. 
2. The mineralogy of the vein system is complex. At least 36 minerals, including 6 
telluride (sylvanite, krennerite, nagyagite, hessite, stuetzite and altaite) have been 
identified from the vein system. Native gold occurs as both supergene and hypogene 
mineral. Sn-free colusite, the first occurrence in the United State, has been identified 
from the Gies mine. In addition, two unidentified minerals are reported. 
3. Fluid inclusion data show three trapping temperature at approximate 300°, 260° 
and 225°C, respectively, coinciding with three stages of vein forming events. Salinity of 
fluids of all three stages are similar at 6 to 8 weight percent NaCl equivalent. 
4. Oxygen and hydrogen isotope data show that the fluids were systematically 
lowering of the values of ô^^O, from stage I (+5.9 to +9.4 per mil) to stage II (+6.4 to 
+8.7 per mil) and to stage III (+3.7 to +6.3 per mil), and ÔD, from stage I (-91 to -92 
per mil) to stage II (-88 to -102 per mil) and to stage III (-95 to -115 per mil), suggesting 
a process of mixing of highly evolved meteoric water into magmatic fluid. 
5. Sulfur isotopic compositions of sulfides are concentrated in a narrow range (ô^'^S 
= -1.0 to+3.1 per mil), suggesting a magmatic nature. 
6. Mineral assemblage data and thermodynamic calculations approximately constrain 
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physical and chemical conditions of the ore formation: 
Stage I: log fS2 = -9 , log fC^ = -29 to 30, pH = 4 to 5 
Stage n: log fS2 = -12, log f02 = -32 to 38, log fre2 = -9, pH = 4.5 to 6 
Stage ni; log fS2 = -14, log f02 = -36 to 42, log fre2 = -7.5, pH = 4.5 to 6.5 
7. A model of mineralization at the Gies mine includes ore-forming components 
(metals, sulfur and tellurium) derived from alkalic magmatic differentiation, ascending of 
magmatic fluids through fault zone created by intrusive activities, mixing with meteoric 
water to condense ore-forming components in hydrothermal fluids, and precipitation of 
gold and silver tellurides at favorable environment. 
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APPENDIX. MICROPROBE ANALYSE OF MINERALS 
(all analyses are in weight percent) 
Native Element Minerals 
Sample 89-G5 51-15 89-G3 
Au 
Ag 
Te 
Total 
71.96 
28.08 
100.04 
69.52 
29.02 
98.54 
70.45 
26.61 
97.06 
70.60 
28.27 
98.87 
66.96 
30.40 
97.36 
83.21 
15.44 
98.65 
84.72 
14.71 
99.43 
94.01 
5.87 
99.88 
90.16 
9.94 
100.10 
Sample 89-G5 
Au 
Ag 
Te 
Total 
99.80 
99.80 
99.46 
99.46 
100.05 
100.05 
100.07 
100.07 
Sylvanite and Krennerite 
Sample 89-P5 89P-16 50-04 M-1 
Au 
Ag 
Te 
Total 
22.72 
12.63 
63.41 
98.76 
22.24 
12.39 
63.24 
97.87 
23.69 
12.61 
63.08 
99.38 
23.46 
12.47 
62.93 
98.86 
23.68 
12.71 
62.77 
99.16 
23.36 
12.57 
63.14 
99.07 
24.57 
11.78 
63.85 
100.20 
24.92 
11.86 
64.04 
100.82 
24.78 
11.67 
63.61 
100.06 
25.15 
11.18 
63.70 
100.03 
25.53 
11.07 
63.82 
100.42 
Sample M-1 90-Pl 90P11 
Au 
Ag 
Te 
Total 
26.56 
11.18 
62.91 
100.65 
26.28 
10.88 
62.64 
99.80 
26.31 
11.26 
61.89 
99.46 
26.39 
10.94 
62.11 
99.44 
22.64 
12.87 
63.44 
98.95 
23.45 
12.66 
63.76 
99.87 
23.34 
13.30 
63.79 
100.43 
23.55 
12.87 
64.62 
101.04 
22.89 
12.67 
63.54 
99.10 
21.80 
12.87 
63.70 
98.37 
23.76 
12.80 
63.65 
100.21 
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Sylvanite and Krennerite 
Sample 90P11 90U11 90-U6 90-P9 
Au 
Ag 
Te 
Total 
23.64 
12.76 
64.69 
101.09 
23.16 
12.31 
61.65 
97.12 
23.46 
12.87 
65.10 
101.43 
23.51 
12.79 
64.93 
101.23 
22.14 
12.48 
62.45 
97.07 
22.27 
12.40 
62.62 
97.29 
22.71 
13.01 
64.26 
99.98 
23.31 
13.00 
64.23 
100.54 
23.53 
13.16 
64.66 
101.35 
23.35 
13.09 
64.26 
100.70 
24.42 
11.76 
64.66 
100.84 
Sample 90-P9 89-G6 (Sylvanite) 89-G6 (Krennerite) 
Au 
Ag 
Te 
Total 
24.24 
11.33 
64.95 
100.52 
29.85 
8.17 
60.97 
98.99 
30.02 
8.39 
61.01 
99.42 
29.60 
9.17 
59.29 
98.06 
30.41 
8.62 
61.27 
100.30 
30.56 
7.88 
60.54 
98.98 
30.32 
7.75 
60.38 
98.45 
36.61 
4.11 
59.29 
100.01 
36.67 
3.97 
59.01 
99.65 
36.74 
3.93 
59.16 
99.83 
36.97 
3.92 
58.92 
99.81 
Hessite 
Sample 51-13 51-14 51-15 
Ag 
Te 
Total 
62.24 
39.16 
101.40 
61.85 
39.09 
100.94 
62.17 
39.50 
101.67 
61.83 
38.61 
100.44 
63.19 
38.54 
101.73 
60.48 
37.69 
98.17 
59.69 
37.31 
97.00 
59.65 
37.55 
97.20 
59.55 
37.61 
97.16 
60.14 
38.52 
98.66 
61.83 
38.14 
99.97 
Sample 51-15 89-G5 90P13 90P11 
Ag 
Te 
Total 
62.59 
36.03 
98.62 
61.48 
37.91 
99.39 
61.94 
36.32 
98.26 
61.80 
39.61 
101.41 
62.33 
39.32 
101.65 
61.70 
37.82 
99.52 
62.29 
37.47 
99.76 
62.61 
37.94 
100.55 
62.57 
37.62 
100.19 
61.87 
37.72 
99.59 
62.76 
37.76 
100.52 
Sample 90P11 90-Pl 90U11 90-P9 
Ag 
Te 
Total 
61.70 
37.35 
99.05 
61.63 
37.12 
98.75 
62.80 
37.73 
100.53 
62.80 
37.93 
100.73 
62.40 
37.62 
100.02 
62.08 
37.51 
99.59 
61.18 
37.63 
98.81 
62.49 
37.77 
100.26 
62.37 
37.64 
100.01 
61.76 
37.23 
98.99 
61.88 
37.66 
99.54 
Sample 90-P9 90-U6 
Ag 62.91 62.52 62.69 61.76 62.00 61.69 61.80 62.32 62.56 62.77 62.23 
Te 38.16 37.81 37.76 37.23 37.84 37.69 37.63 37.76 37.91 37.76 37.64 
Total 101.07 100.33 100.45 98.99 99.84 99.38 99.43 100.08 100.47 100.53 99.87 
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Hessite 
Sample 
Ag 62.22 61.25 61.70 61.94 
Te 37.34 37.34 37.32 37.60 
Total 99.56 98.59 99.02 99.54 
Stuetzite 
Sample 90-Pl 90-Pl 1 90U11 
Ag 58.98 57.68 56.16 . 56.73 56.46 56.05 59.49 59.29 55.94 55.71 55.83 
Te 40.99 41.29 43.62 43.55 43.41 43.57 40.01 40.08 43.56 43.27 43.42 
Total 99.97 98.97 99.78 100.28 99.87 99.62 99.50 99.37 99.50 98.98 99.24 
Nagyagite 
Sample Analysis 
90-Pl 1 2 3 4 5 6 7 8 9 
Au 3.44 3.46 3.20 8.01 7.14 7.22 5.53 5.23 5.83 
Pb 55.10 55.44 55.01 58.51 56.03 56.84 66.43 71.34 67.89 
Sb 10.27 10.17 9.92 8.16 7.97 7.92 3.55 0.32 0.40 
Te 18.42 18.37 18.45 17.60 17.08 17.22 13.10 12.52 13.04 
S 11.11 11.02 11.03 10.57 10.30 10.31 10.76 10.14 10.38 
Total 98.34 98.46 97.61 102.85 98.52 99.51 99.37 99.55 97.54 
Altaite 
Sample 90-Pl 90U11 89P16 
Pb 60.92 61.21 61.18 62.11 61.68 62.29 62.90 61.95 61.09 61.68 60.34 
Te 37.41 37.11 38.61 38.50 37.97 38.92 37.48 37.67 37.54 37.10 38.25 
Total 98.33 98.32 99.79 100.61 99.65 101.21 100.38 99.62 98.63 98.78 98.59 
Sample 90P16 89-P5 90P11 
Pb 60.38 59.89 61.17 59.31 60.87 
Te 38.66 38.41 38.80 37.78 38.62 
Total 99.04 98.30 99.97 97.09 99.49 
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Sphalerite 
Sample 89-Gl 89-G4 89-G5 
Zn 64.04 62.00 62.31 62.78 63.82 62.44 63.89 64.17 63.74 63.61 60.56 
Fe 2.26 5.23 4.82 4.10 1.88 3.23 1.77 1.47 2.17 2.10 4.92 
S 33.11 33.30 33.14 33.18 32.72 32.89 32.68 32.60 32.11 32.60 32.77 
Total 99.41 100.53 100.27 100.07 98.42 98.56 98.34 98.24 98.02 98.32 98.25 
Sample 89-G5 89-P7 89-P9 89P16 
Zn 
Fe 
S 
Total 
60.29 
5.01 
32.38 
97.68 
58.41 
6.08 
33.07 
97.56 
60.41 
4.61 
32.67 
97.69 
60.30 
5.10 
32.66 
98.06 
62.50 
3.45 
32.93 
98.88 
61.40 
2.27 
31.80 
95.47 
63.53 
1.55 
32.09 
97.17 
62.47 
1.91 
31.95 
96.32 
60.46 
4.42 
32.91 
97.79 
61.21 
3.15 
32.72 
97.08 
62.55 
2.41 
32.81 
97.77 
Sample 89P16 50-04 M-1-3 90-Pl 90P15 
Zn 
Fe 
S 
Total 
61.41 
3.33 
32.81 
97.55 
64.68 
1.15 
32.82 
98.65 
64.74 
0.82 
32.96 
98.52 
65.17 
0.87 
32.95 
98.99 
64.96 
0.85 
32.96 
98.76 
61.93 
4.70 
33.23 
99.86 
64.44 
1.79 
32.53 
98.76 
63.19 
3.25 
32.88 
99.31 
66.31 
0.56 
33.38 
100.25 
65.17 
0.53 
33.94 
99.64 
64.46 
0.46 
33.32 
98.24 
Sample 90P15 90U10 90U13 
Zn 
Fe 
S 
Total 
65.31 
0.52 
33.55 
99.38 
63.99 
1.09 
32.70 
97.78 
63.72 
0.90 
32.75 
97.37 
63.86 
1.00 
32.73 
97.58 
62.40 
2.37 
33.17 
97.94 
63.53 
1.18 
32.91 
97.62 
65.18 
0.46 
32.70 
98.34 
63.70 
1.34 
32.93 
97.97 
Tetrahedrite-Tennantite 
Sample 51-13 51-14 51-15 
Cu 34.92 34.50 36.62 37.07 36.12 37.22 38.24 37.88 37.21 40.07 38.36 
Ag 5.73 7.60 4.07 3.36 4.23 3.27 3.08 3.07 3.54 0.76 1.21 
Zn 6.12 5.88 7.51 7.56 7.40 7.37 7.72 8.16 8.05 6.34 6.60 
Fe 1.28 1.42 0.12 0.39 0.49 0.71 0.70 0.73 0.82 1.22 1.89 
As 6.29 5.12 6.69 6.59 4.95 5.91 7.29 7.15 6.56 8.37 5.27 
Sb 19.69 21.02 18.68 19.47 21.25 20.40 18.18 18.46 18.57 16.82 21.15 
S 25.62 25.16 25.10 26.01 25.66 25.30 25.57 25.21 24.52 26.40 25.84 
Total 99.65 100.70 98.79 100.45 100.10 100.18 100.78 100.66 99.27 99.98 100.32 
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Tetrahedrite-Tennantite 
Sample 51-15 51-20 90-P9 90P11 90-U6 
Cu 35.84 38.09 37.33 38.58 37.36 37.95 37.94 38.74 38.87 39.04 38,23 
Ag 8.22 1.61 2.25 1.73 2.76 0.33 0.56 0.22 0.21 1.83 2,15 
Zn 1.21 6.37 6.51 6.29 6.30 6.87 6.72 6.89 6.91 7.99 7,76 
Fe 4.61 1.16 1.26 1.27 1.14 0.78 0.34 0,80 0.82 0.16 0,22 
As 5.26 4.82 2.61 5.21 4.14 5.31 3.07 5.21 5.21 7.73 7,50 
Sb 19.74 21.79 23.83 21.42 22.71 21.25 25.48 22.05 22.44 16.79 18,14 
S 24.82 25.26 24.35 25.67 25.34 26.20 25.33 25.18 25.25 26.26 26,22 
Total 99.70 99.10 98.14 100.17 99.75 98.69 99.44 99.09 99.71 99.80 100.22 
Sample 90-U6 90U11 89-G5 51-13 
Cu 37.07 36.12 37.22 38.24 37.88 37.21 38.28 38.19 39.78 38.44 38.41 
Ag 3.36 4.23 3.27 3.08 3.07 3.54 0.16 0.11 1.09 3.50 4.79 
Zn 7.56 7.40 7.37 7.72 8.16 8.05 5.63 5.54 6.84 7.13 4.64 
Fe 0.39 0.49 0.71 0.70 0.73 0.82 1.38 1.41 0.90 0.50 2.82 
As 6.59 4.95 5.91 7.29 7.15 6.56 1.94 1,41 8,47 13.59 10.29 
Sb 19.47 21.25 20.40 18.18 18.46 18.57 26.19 26,70 17,49 9.39 12.50 
S 26.01 25.66 25.30 25.57 25.21 24.52 24.84 24.84 25,30 26.55 26.74 
Total 100.45 100.10 100.18 100.78 100.66 99.27 98.42 98.20 99,87 99,10 100.19 
Sample 51-20 M-1 90P13 90P15 89-G5 
Cu 43.35 43,22 42,93 41.78 42.38 40,58 38.03 37.48 37,28 41,23 40.98 
Ag 0.26 0.18 0.22 0.78 0.13 0,04 1.74 2.07 2,08 0,55 0,52 
Zn 1.33 1.27 1,24 2.24 4,07 7.37 6.77 6,49 6,22 5,48 4,48 
Fe 4.60 4.84 5.06 5.34 3.49 0.60 1.15 1,36 4,31 2,19 2,58 
As 12.08 14.78 15.61 16.26 15.69 14,37 10.31 10,56 9,75 12.67 13,62 
Sb 12.16 8.37 7.88 5.83 6.86 8,58 14.46 15.75 12,86 10.85 9,29 
S 26.99 27.60 27.53 27.76 28.15 27,76 26.24 26.12 26.98 27.35 28,12 
Total 100.77 100.26 100.47 99.99 100.77 99,30 98.70 99.83 99.48 100,32 99,59 
Sample 89-05 
Cu 40,52 41.42 
Ag 0,60 0.50 
Zn 7,08 7.47 
Fe 1,00 0,84 
As 13.41 13.65 
Sb 8.66 9,50 
S 28.34 27,57 
Total 99.61 100,95 
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Colusite 
Sample 90-U6 90U13 51-20 
Cu 47.58 48.03 48.10 47.75 47.87 48.60 47.76 47.92 47.60 47.73 47.60 
Fe 0.30 0.28 0.29 0.30 0.29 0.57 0.12 0.06 0.12 0.04 0.19 
V 3,26 3.38 3.33 3.33 3.33 3.20 3.23 3.33 3.33 3.33 3.34 
As 12.12 10.07 11.17 10.95 11.08 12.01 12.25 11.48 11.83 12.21 12.82 
Sb 2.16 5.06 3.75 3.68 3.66 1.32 1.12 2.35 2.39 1.72 0.96 
S 33.03 32.97 33.46 33.03 33.12 33.04 33.33 32.91 33.33 33.21 33.32 
Total 98.45 99.79 100.10 99.04 99.35 98.74 97.81 98.05 98.60 98.24 98.23 
Sample 51-20 89-05 
Cu 47.78 47.15 47.45 47.37 47.60 48.98 49.78 49.20 49.31 49.34 49.15 
Fe 0.28 0.44 0.35 1.22 0.31 0.00 0.00 0.00 0.00 0.00 0.00 
V 3.33 3.45 3.38 3.14 3.32 3.30 3.41 3.41 3.33 3.34 3.49 
As 12.28 12.30 12.17 12.16 12.17 10.26 12.97 10.51 11.53 12.00 10.65 
Sb 0.85 1.25 1.15 1.72 1.50 4.03 0.61 4.32 2.60 1.93 3.84 
S 33.54 33.24 32.94 32.86 33.19 32.13 32.48 33.11 33.76 33.30 32.95 
Total 98.06 97.83 97.44 98.47 98.08 98.70 99.25 100.55 100.53 99.91 100.08 
Sample 89-G5 
Cu 49.92 49.10 49.49 49.19 49.32 49.38 49.03 49.70 49.18 49.15 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V 3.44 3.47 3.41 3.46 3.46 3.35 3.53 3.47 3.39 3.24 
As 12.50 11.55 12.55 10.93 11.29 11.12 11.00 12.32 11.95 11.36 
Sb 0.81 2.53 0.82 3.30 2.67 3.18 2.94 0.73 1,80 2.32 
S 33,58 33.36 33.64 33.23 32.88 32.90 32.93 33.10 33.34 32.85 
Total 100.25 100.01 • 99.91 100.11 99.62 99.93 99.43 99.32 99.66 98.92 
Sample 89-G5 
Cu 49.29 48,69 49.10 48.51 48.77 
Fe 0.00 0.84 0.70 0.24 0.59 
V 3.41 3.38 3.40 3.40 3.39 
As 11.61 11.64 12.32 12.04 12.00 
Sb 2.31 1.62 1.25 1.84 1.57 
S 33.09 33.08 32.95 32.95 32.99 
Total 99,70 99.25 99,72 98.98 99.32 
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Roscoelite 
Sample M-1 89-Gl 89-P5 
SiOj 44.60 44.74 43.91 46.81 44.42 42.35 45.47 46.34 44.27 40.53 39.04 
AI2O3 11.06 13.73 16.35 15,53 9.83 10.32 7.51 6.45 10.10 17.26 19.30 
V7O, 26.88 23.25 22.64 21.21 27.80 28.98 29.91 30.64 28.64 23.38 23.19 
0.72 0.60 0.49 0.54 0.95 0.71 0.96 0.99 0.87 0.72 0.66 
FeO 0.20 0.42 0.21 0.35 0.41 0.09 0.06 0.03 0.12 0.36 0.37 
MgO 1.81 1.73 1.28 1.63 1.67 1.55 1.39 1.04 1.15 1.38 1.47 
CaO 0.21 0.21 0.20 0.19 0.20 • 0.18 0.20 0.13 0.20 0.17 0.17 
KjO 8.74 9.10 9.73 9.41 8.79 8.27 7.88 7.54 7.56 8.86 8.73 
NagO 0.00 0.07 0.05 0.05 0.05 0.04 0.02 0.04 0.04 0.04 0.01 
Total 94.22 93.85 94.86 95.72 94.12 92.49 93.40 93.20 92.95 92.70 92.94 
Sample 89-G5 90U11 51-13 90-Pl 
SiOj 44.33 48.07 45.25 45.90 45.50 43.51 43.27 42.99 48.76 48.02 39.96 
AI2O3 13.43 11.23 13.09 12.23 13.82 11.82 10.89 16.61 16.37 15.98 24.96 
V?Oi 25.55 25.68 25.97 25.77 26.12 26.65 31.03 24.70 21.30 23.46 21.03 
FeO 0.12 0.35 0.20 0.47 0.06 0.45 0.37 0.11 0.20 0.28 0.22 
MgO 2.47 2.67 2.42 2.15 1.98 2.53 2.04 2.47 2.13 1.77 2.08 
CaO 0.15 0.23 0.15 0.13 0.19 0.12 0.21 0.11 0.06 0.07 0.09 
KjO 8.63 8.26 8.70 8.80 8.58 7.48 7.73 7.92 7.05 7.64 7.15 
NeîO 0.06 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.02 
Total 94.74 96.49 95.80 95.45 96.25 92.56 95.54 94.91 95.91 97.25 95.51 
Sample 90-U6 90-1 
SiO; 48.02 48.89 47.31 50.08 47.68 49.28 48.25 47.80 
AI22O3 12.46 11.20 16.25 10.37 11.84 11.27 14.41 12.00 
V?Oi 26,09 25.54 21.31 24.75 26.20 26.21 27.68 26.29 
FeO 0.34 0,71 0.42 0.46 0.12 0.14 0.09 0.10 
MgO 2.12 2.06 3.44 2.06 1.62 1.44 1.42 1.44 
CaO 0.08 0.08 0.08 0.05 0.04 0.03 0.06 0.04 
K2O 8.30 8.06 8.71 8.15 8.78 8.16 8.28 8.32 
Na20 0.00 0.04 0.05 0.01 0.00 0.00 0.01 0.08 
Total 97.41 96.58 97.57 95.93 96.28 96.53 100.20 96.07 
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PAPER II 
AQUEOUS TELLURIUM SPECIATION AND THE 
STABILITY OF CALA VERITE AND HESSITE 
AT ELEVATED TEMPERATURES 
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INTRODUCTION 
Gold and silver tellurides are found in epithermal and mesothermal gold and silver 
deposits (e.g., Kalgoorlie, Australia (Markham, 1960); Boulder County, Colorado (Kelly 
and Goddard, 1969); Cripple Creek, Colorado (Thompson, 1985); Golden Sunlight, 
Montana (Porter and Ripley, 1985); Emperor, Fiji (Ahmad et al., 1987)). Despite the 
relatively common occurrence of tellurides, studies concerning the geochemical behavior 
of aqueous tellurium species and the stability of gold and silver tellurides at temperatures 
appropriate to the formation of epithermal and mesothermal deposits are limited and yield 
conflicting results (D'yachkova and Khodakovskiy, 1968; Ahmad et al., 1987; Jaireth, 
1991). 
The present paper employs the "principle of balance of identical like charges" 
method of Murray and Cobble (1980) and Cobble et al. (1982) to calculate equilibrium 
constants of reactions in the system Te-O-H, Au-Te-Cl-S-O-H and Ag-Te-Cl-S-O-H in 
the temperature range 150°-300°C. The equilibrium constants calculated here are 
compared with those determined by D'yachkova and Khodakovskiy (1968), Ahmad et al. 
(1987), and Jaireth (1991). Log f02- pH diagrams constructed in this study for the 
systems Te-O-H, Au-Te-Cl-S-O-H and Au-Te-Cl-S-O-H are different from those recently 
derived by Jaireth (1991). The reasons for these differences are discussed. 
Several experimental (e.g., Markham, 1960; Cabri, 1965; Legendre et al., 1980) 
and theoretical studies (e.g., Kracek et al., 1966; Afifi et al., 1988) have been conducted 
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on the system Au-Ag-Te, but are in disagreement with regards to the stability of minerals 
in this system. These problems are in part due to the difficulty in synthesizing tellurides 
that are recognized in nature and due to the lack of fundamental thermodynamic data for 
most gold and/or silver tellurides. Thermodynamic data have not been determined for 
sylvanite (AuAgTe^), petzite (Ag3AuTe2), krennerite ([Au,Ag]Te2), stuetzite (Ag^.^Teg), 
and the rare phase muthmannite (AuAgTe2), but are available for two common tellurides, 
calaverite (AuTe2) and hessite (Ag2Te). Consequently, the stability of calaverite (AuTe2) 
and hessite (Ag2Te) will be evaluated and discussed in context with the stability of other 
minerals in the system Au-Ag-Te. The data obtained here are intended to assist in 
interpreting field observations and guide further experiments. As an example, 
calculations concerning the stability of hessite will be applied to understanding the 
physicochemical conditions of formation of the Gies epithermal gold-silver telluride 
deposit, Judith Mountains, Montana. 
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PREVIOUS STUDIES OF AQUEOUS TELLURIUM SPECIATION 
D'yachkova and Khodakovskiy's (1968) were the first to determine thermodynamic 
equilibria in the system Te-O-H between 25° and 300°C. In order to plot the stability of 
aqueous tellurium species in Eh-pH space, D'yachkova and Khodakovskiy's (1968) 
determined the equilibrium constant of reaction between aqueous tellurium species 
utilizing the expression: 
"T - - 2.302 RT 
where R is the gas constant, T is temperature in Kelvin, Ky is the equilibrium constant of 
the reaction at temperature T, and is Gibbs free energy change of the reaction at T. 
Values of AG\ were determined by D'yachkova and Khodakovskiy assuming that the 
heat capacity (Cp) of aqueous tellurium species is linearly related to temperature: 
Cpji = b * T (2) 
where b is a constant. They used this equation and the heat capacity data of 298 K 
(Cp298) to calculate b, and, subsequently, to extrapolate the heat capacities of the aqueous 
species between 25° and 300°C. Assuming a linear relationship between Cp and T, 
D'yachkova and Khodakovskiy's (1968) determined K-p from: 
' 2.29^5 ' 
where AH°298 = standard state enthalpy change of the reaction at 298 K, 
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AS°298 = Standard state entropy change of the reaction at 298 K, and ACp°298 is the heat 
capacity change of the reaction at 298 K. However, the assumption that Cp has a linear 
relationship with temperature for aqueous species is questionable, since, for example, 
Murray et al. (1980) showed that with an increase in temperature, the Cp of aqueous 
NaCl changes drastically in a non-linear fashion. Since Cp's of most solids and gases are 
a complex function of temperature, aqueous species should also show a non-linear 
relationship between Cp and temperature. 
Naumov et al. (1974) compiled thermodynamic data for many aqueous species 
including tellurium species, while Ahmad et al, (1987) determined the stability of species 
in the system Te-O-H at 250°C and applied their data to understand the geochemistry of 
the Emperor gold deposit, Fiji. Naumov et al. (1974) and Ahmad et al. (1987) followed 
D'yachkova and Khodakovskiy's assumption that the Cp of aqueous species is linearly 
related to T, and utilized their method to also calculate equilibrium constants of reactions 
between aqueous tellurium species at elevated temperatures. Naumov et al. (1974) 
compiled thermodynamic data from experiments. Ahmad et al. (1987) utilized most of 
Naumov et al.'s data but proposed a new enthalpy value (AH29g) for aqueous hydrogen 
telluride (H2Te(aq)), since they considered there to be a significant error in the first 
dissociation constant of H2Te(aq). Utilizing Naumov et al.'s data, Ahmad et al. (1987) 
plotted the enthalpies of formation (AH298) of gaseous hydrides, H2X(g) versus 
dissociation constants (pK) of H2XO3, HXO3", H2X and HX", where X = S, Se, and Te, 
and suggested that a linear (or near linear) relationship exists for the dissociation 
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reactions. However, AH°298 derived for the reaction: 
H2X = j ï +  + HX~ ( 4 )  
is likely to be in error, for example, because the first and second dissociation constants of 
H2X do not plot on straight lines. To fit this proposed linear trend, Ahmad et al. (1987) 
chose the second dissociation constant of H2S (pK2 = 17.0) of Ellis and Giggenbach 
(1971) rather than that of Naumov et al. (1974) (pK2 = 12.9). Furthermore, they also 
proposed a significant error in the first dissociation constant (pKj) of H2Te and assigned 
a new value of -0.7 instead of a value of 2.64 from Naumov et al. (1974). The approach 
taken by Ahmad et al. (1987) is questionable because even though some sources of data 
indicate that pK2 for H2S at 298 K is approximately 17 (Ellis and Giggenbach, 1971; 
Meyer et al., 1983; Licht and Manassen, 1987), most experimental data indicate a value 
for pK2 ranging from 12.5 to 15.0 (see reviews of Rao and Helper, 1974; Millero, 
1986). Most recently, Schoonen and Barnes (1988) determined a value of 18.5 by 
extrapolating thermodynamic data for the dissociation constants of polysulfides as a 
function of the reciprocal chain length. It should also be pointed out that no reason was 
given by Ahmad et al. (1987) to doubt the experimentally derived value for the 
dissociation constant of H2Te of Naumov et al. (1974). 
Saunders and May (1986) applied thermodynamic data that they calculated for part 
of the system Te-O-H to understand the origin of the Bessie G epithermal gold telluride 
deposit. Unfortunately, details concerning the source of thermodynamic data were 
lacking and the method of calculation of the stability of aqueous species in f02-pH space 
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(Fig. 6, p. 442) was never given. 
Recently, Jaireth (1991) utilized the equilibrium constants of aqueous tellurium 
reactions determined by Ahmad et al. (1987) and thermodynamic data for tellurides from 
Mills (1974) to determine the stability of aqueous tellurium species and gold-silver 
tellurides in the system Te-O-H, Au-Te-Cl-S-O-H and Ag-Te-Cl-S-O-H between 200° 
and 300°C. Even though Jaireth realized that the tellurium-bearing species in the system 
Te-O-H are HjTe, HTe", Te^', Tez^', HjTeOj, HTeOg" and TeO]^' (Jaireth, 1991, Fig. 
la), he never plotted the stability of 1^2' for the system Au-Te-Cl-S-O-H and 
Ag-Te-Cl-S-O-H. An error involved in Jaireth's study concerns the treatment of 
proposed equilibria between native tellurium and certain gold- and silver-bearing species 
(see solid lines in Jaireth, 1991, Figs. 3 and 5). Jaireth drew an equilibrium boundary 
between calaverite and native tellurium, even though he had already superimposed the 
stability field of native tellurium onto the system Au-Te-Cl-S-O-H. A direct consequence 
of this treatment is that he shows AuTe2 and Te occupying common stability fields but 
also being separated by an equilibrium boundary. Further problems arise with the 
construction of the system Au-Te-Cl-S-O-H in f02-pH space because he never considered 
the gold-bearing species HAu(HS)2°. Errors also arise in Jaireth's attempt to determine 
the stabilities of hessite and native tellurium in f02-pH space. His treatment not only 
causes hessite to have two separate regions of stability but even more problematic is that 
he was unable to connect equilibrium boundaries that enclose the stability of the species 
Ag(HS)2- (Jaireth, 1991, Fig. 5a). 
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THE PRINCIPLE OF BALANCE OF IDENTICAL LIKE CHARGES 
Instead of assuming a linear relationship between heat capacity and temperature, the 
change of heat capacity with temperature of an aqueous reaction can be calculated by 
utilizing the principle of balance of identical like charges (Murray and Cobble, 1980; 
Cobble et al., 1982). This principle states that the heat capacities of neutral aqueous 
species are approximately constant with temperature, and that the degree of change of 
temperature-dependence of heat capacities of identically charged species is approximately 
the same. For example, the reaction: 
H2S = HS~ + H* ( 5 )  
does not have a constant value of ACp over the temperature range of 25°-300°C, but if 
the reaction: 
OH~ + H* = H2O ( 6 )  
is added to equation 5, it becomes a neutralization reaction: 
H2S + 0H~ = US' + H2O ( 7 )  
with an equal number of uni-negative ions on each side of the reaction and a constant 
ACp value of -35 cal « mol'^ « K'^ from 25° to 300°C (Murray and Cobble, 1980). If ACp 
is assumed to be constant with temperature, it is possible to use the following equation: 
log JCj. = -
2.3 03RT 
1 [^298"^^298'*'^('P298* ( 2'*ln 2 9 8 . 1 5  
T 
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to calculate equilibrium constant of reaction 7 (K7) at elevated temperatures. Since 
equilibrium constants for equation 6 (Kg) up to 350°C have been accurately determined 
by the experiments of Sweeton et al. (1974) and Busey and Mesmer (1978), the 
equilibrium constant of reaction 5 (Kg) can be determined by subtracting Kg from K7. 
Values of average Cp of aqueous species (and ultimately values of log K^) at 
elevated temperatures can also be derived utilizing the correspondence principle of Criss 
and Cobble (1964 a, b). However, Criss and Cobble noted that the correspondence 
principle is best applied at temperatures below 200®C. A further problem with the 
correspondence principle is that it fails to accurately predict equilibrium constants for 
certain reactions. For example, the predicted second dissociation constants of H2S at 
temperatures above 100°C are significantly different from any experimental values (Rao 
and Helper, 1974; Millero, 1986). 
Table 1 compares values of dissociation constants of aqueous H2S and HSO4" 
derived from various experiments and thermodynamic calculations using the methods of 
D'yachkova and Khodakovskiy (1968), the correspondence principle (in Helgeson, 1969) 
and the principle of balance of identical like charges (in Murray and Cubiciotti, 1983). It 
would appear that the principle of balance of identical like charges better models values 
of both dissociation constants determined from experiments than the other two methods. 
The principle of balance of identical like charges is employed in subsequent 
calculations of equilibrium constants of aqueous tellurium reactions at elevated 
temperatures. 
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Table 1. Equilibrium constants (log K) of dissociation of acids in the system S-H^O in 
the 25°-300°C temperature range 
Temperature (°C) 
Acid Ref* 
25 50 100 150 200 250 300 
-6.99 -6.77 -6.63 -6.72 -6.96 -7.35 -8.06 1 
-6.94 -6.69 -6.50 -6.70 -7.05 -7.60 -8.20 2 
-6.99 -6.75 -6.61 -6.79 -7.17 -7.72 -8.18 3 
-7.06 -6.82 4 
-7.00 -6.72 -6.59 -6.82 -7.20 -7.61 -8.01= 5 
-7.05 -6.74 -6.47 -6.50 6 
-1.99 -2.27 -2.99 -3.74 -4.49 -5.41 -7.06 1 
-1.99 -2.33 -3.07 -3.85 -4.70 -5.50 -6.50 2 
-1.99 -2.34 -3.08 -3.84 -4.61 -5.42 -6.32 7 
-1.99 -2.30 -2.99 -3.73 -4.51 -5.33'' -6.20'' 8 
-1.99 -2.31 -3.04 -3.80 -4.58 -5.39" -6.20= 9 
-1.99 -2.25 -2.86 -3.53 -4.25 -4.97 -5.70 10 
-1.99 -2.32 11 
a. extrapolated from 276°C. 
b. extrapolated from 225°C. 
c. extrapolated from 218°C. 
d. Reference: 1. Criss and Cobble method, Helgeson, 1969; 2. D'yachkova and 
Khodakovskiy, 1968; 3. Principle of balance of identical like charges method, Murray 
and Cubicciotti, 1983; 4. Experimental data, Loy and Himmelblan, 1961; 5. 
Experimental data, Ellis and Giggenbach, 1971; 6. Experimental data, Tsonopoulos et 
al., 1976; 7. Principle of balance method, Murray and Cobble, 1980; 8. Experimental 
data, Lietzke et al., 1961; 9. Experimental data, Ryzhenko, 1964; 10. Experimental data, 
Marshall and Jones, 1966; 11. Experimental data. Young et al., 1978. 
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EQUILIBRIUM REACTIONS IN THE SYSTEM Te-O-H 
Deltombe et al. (1966) were the first to publish an Eh-pH diagram for the system 
Te-O-H at 25°C. They identified 12 species in this system: H2Te04, HTeO^', TeO^^', 
Te4+, HTe02+, HzTeOg, HTeOg", TeOg^', Teg^", HgTe, HTe" and Te^', and also 
showed that species of telluric acid, H2Te04, HTeO^', TeO^^', are stable only at very 
high Eh condition and that Te'^'*' is stable only at pH < 0. These last four species are 
not considered further. Species of the orthotelluric acid family, HgTeOg, HgTeOg', 
H^TeOg^' (Ellison et al., 1962) are considered unstable, with a tendency to polymerize to 
form metatelluric acid ^TeO^]^ (Button, 1971). For this reason, these species are also 
given no further consideration. 
Thermodynamic data for aqueous tellurium species at 25°C are limited to the studies 
of D'yachkova and Khodakovskiy (1968) and Naumov et al. (1974). These data have 
been adopted here along with thermodynamic data for other aqueous species at 25°C 
from Wagman et al. (1982). Table 2 lists thermodynamic data used in the present study. 
The dissociation constants of water at elevated temperatures are listed in Table 3 
(Sweenton et al., 1974; Busey and Mesmer, 1978), along with the equilibrium constants 
of the reactions: 
H^PO^ = H2PO4 + (9) 
and 
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Table 2. Thermodynamic data used in the calculations of reactions in the 
system Te-O-H 
Species 1 00 00 1 00 CP298 ReP 
HoO -68.315 -56.687 16.718 18.014 1 
0 0 0 0 1 
OH- -54.970 -37.582 -2.569 -35.500 1 
HzTe 18.6 21.4 33.7 28.4 2 
HTe' 16.6 25.0 14.7 -33.4 2 
Te^- 24.2 41.6 -15.3 -87.8 2 
HzTeOg -132.6 -113.4 52.2 45.2 2 
HTeOg- -133.0 -108.1 33.2 -15.5 2 
TeOg^' 
Te2^ 
-127.3 -93.5 3.2 -70.9 2 
27.2 38.97 15.4 -79.1 3 
H3PO4 -307.92 -273.10 37.8 54.8 1 
H2PO4-
HPO/-
-309.82 -270.17 21.6 -10.9 1 
-308.83 -260.34 -8.0 -63.5 1 
a. Reference: 1. Wagman et al., 1982; 2. Naumov et al., 1974; 3. D'yachkova and 
Khodakovskiy, 1968. 
H2P0I = HPol' + (10) 
These constants are used in charge balances to satisfy the principle of balance of identical 
like charge in aqueous tellurium species calculations. 
Equilibrium constants for 21 possible reactions in the system Te-O-H have been 
calculated up to 300°C and are listed in Table 4. Regression analyses of these constants 
were undertaken for temperatures up to 300°C to generate polynomial equations. The 
coefficients of these equations are listed in Table 5 and are used to calculate equilibrium 
constants of the 21 reactions between 25° and 300°C. 
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Table 3. Dissociation constants of water and phosphoric acid at elevated temperature 
TCC) H2O H3PO4 HzPO^-
25 13.993 2.145 7.197 
50 13.272 2.289 7.193 
75 12.709 2.450 7.245 
100 12.264 2.617 7.331 
125 11.914 2.787 7.443 
150 11.642 2.961 7.574 
175 11.441 3.147 7.731 
200 11.302 3.348 7.912 
225 11.222 3.570 8.121 
250 11.196 3.816 8.361 
275 11.224 4.093 8.636 
300 11.301 4.400 8.946 
Ref® 1,2 3 3 
a. Reference: 1. Sweenton et al., 1974; 2. Busey and Mesmer, 1978; 3. Mesmer 
and Baes, 1974. 
Equilibrium constants for four of the 21 reactions were derived by the principle of 
balance of the identical like charge, the correspondence principle, and linear extrapolation 
of Cp with T (herein known as the linear extrapolation method) are listed in Table 6 for 
comparison purposes. Values of log K are within one order of magnitude over the 
temperature range 100°-300°C for the reaction: 
HgTe = HTe~ + H* (11) 
utilizing the principle of balance of the identical like charge, the correspondence 
principle, and linear extrapolation method for the thermodynamic data set of D'yachkova 
Table 4. Equilibrium constants (log K) of aqueous tellurium reactions at elevated temperatures 
Reaction 
TCC) 
25 50 100 150 200 250 300 
1. HjTe = HTe- + H+ 
2. HTe" = Te^- + H+ 
3. HzTeO; = HTeOj- + H+ 
4. HTeOj- = TeOj^- + H+ 
5. HjTe + 3/2 Ojjg) = HjTeOj 
6. HTe" + H+ + 3/2 02(g) = HjTeOj 
7. HzTe + 3/2 Ojcg) = HTeOj" + H+ 
8. HTe + 3/2 02(g) = HTeOj" 
9. HTe + 3/2 02(g) = TeOg^ + H+ 
10. Te^- + 3/2 02(g) = TeOa^-
11. 2 HjTe + 1/2 02(g) = Te2^- + 2 H+ + H^O 
12. 2 HTe- + 1/2 02(g) = Te^^' + H2O 
13. 2 T^- + 2 H+ + 1/2 02(^ = Te^^- + H^O 
14. 2 HzTeOg = Tej^" + 2 H^ + 5/2 02(g) + H2O 
15. 2 HTeOj- = Tez^' + 5/2 02(g) + H2O 
16. 2 TeOj^- + 2 H+ = Teg^' + 5/2 02(g) + H2O 
17. Te + H2O = H2Te + 1/2 02(g) 
18. Te + H2O = HTe + H+ + 1/2 02(g) 
19. Te + 02(g) + H2O = HiTeOj 
20. Te + 02(g) + H2O = HTeOj- + H+ 
21. 2 Te + H2O = + 2 H+ + 1/2 02(g) 
-2.64 -2.79 -3.21 -3.71 -4.28 -4.94 -5.67 
-12.17 -11.76 -11.27 -11.05 -11.03 -11.18 -11.50 
-3.89 -3.94 -4.10 -4.31 -4.57 -4.93 -5.40 
-10.70 -10.42 -10.16 -10.10 -10.21 -10.47 -10.92 
98.82 90.25 76.57 66.15 57.94 51.32 45.86 
101.46 93.04 79.78 69.85 62.22 56.25 51.52 
94.93 86.31 72.47 61.85 53.37 46.39 40.46 
97.57 89.09 75.68 65.55 57.65 51.32 46.12 
86.87 78.67 65.52 55.45 47.45 40.86 35.20 
99.04 90.43 76.79 66.50 58.48 52.04 46.70 
44.36 39.84 32.27 26.13 20.96 16.43 12.25 
49.63 45.42 38.69 33.55 29.53 26.30 23.58 
73.97 68.94 61.22 55.64 51.59 48.66 46.58 
-153.28 -140.66 -120.87 -106.16 -94.92 -86.21 -79.46 
-145.51 -132.77 -112.66 -97.56 -85.78 -76.35 -68.66 
-124.11 -111.92 -92.35 -77.36 -65.37 -55.41 -46.82 
-57.24 -52.30 -44.39 -38.32 -33.52 -29.62 -26.38 
-59.87 -55.09 -47.60 -42.03 -37.80 -34.55 -32.05 
41.58 37.95 32.18 27.82 24.42 21.70 19.47 
37.70 34.00 28.08 23.52 19.85 16.77 14.07 
-70.12 -64.76 -56.51 -50.51 -46.07 -42.81 -40.52 
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Table 5. Regression coefficients of equilibrium constants of aqueous tellurium reactions 
at elevated temperatures 
Reaction^ 
logK = a + b * T/10^ + c * T^/IO^ + d * T^/10^ + e * T^/IO' 
a b c d e 
1 -2.52965 -3.11773 -4.78926 1.37737 -0.19954 
2 -12.69650 24.1165 -12.4118 2.97099 -0.35711 
3 -3.85987 -0.57694 -2.49732 0.86686 -0.18182 
4 -11.0524 16.5298 -9.57149 2.31721 -0.30396 
5 108.691 -426.814 129.293 -26.1974 2.41868 
6 111.221 -423.696 134.082 -27.5747 2.61820 
7 104.908 -430.404 130.384 -26.9565 2.48318 
8 107.696 -438.577 145.444 -31.6833 3.04244 
9 96.3086 -407.743 122.013 -24.3905 2.13240 
10 109.005 -431.859 134.425 -27.3615 2.48950 
11 49.4822 -218.473 56.4227 -11.0347 0.90441 
12 54.5415 -212.238 66.0014 -13.7895 1.30350 
13 79.9345 -260.471 90.8248 -19.7314 2.01771 
14 -167.976 637.428 -204.304 42.1686 -4.04009 
15 -160.257 638.582 -199.309 40.4347 -3.67644 
16 -138.152 605.523 -180.166 35.8005 -3.06855 
17 -62.9466 246.154 -74.2332 15.1738 -1.41245 
18 -65.4481 241.901 -77.7897 16.0513 -1.54351 
19 45.7977 -182.286 56.4915 -11.5065 1.05981 
20 41.9850 -185.059 56.8309 -11.9873 1.08914 
21 -76.4357 275.342 -94.2058 20.3908 -2.09385 
1. See Table 4 for equations. 
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Table 6. Comparison of equilibrium constants (log K) of dissociation of tellurium acids 
T(°C) 
Reaction Method® 
100 150 200 250 300 
HzTe = HTe" + H+ 
HTe- = Te^- + H+ 
HgTeO] = HTeOj- + H+ 
HTeOj- = TeO]^- + H+ 
-3.21 -3.71 -4.28 
-3.32 -3.88 -4.50 
-3.30 -3.90 -4.65 
-0.62 -1.56 -2.56 
-11.27 -11.05 -11.03 
-10.85 -10.08 -9.34 
-11.30 -11.40 -11.70 
-11.37 -11.27 -11.40 
-4.10 -4.31 -4.57 
-4.03 -4.41 -4.86 
-4.25 -4.70 -5.40 
-4.25 -4.76 -5.40 
-10.16 -10.10 -10.21 
-10.39 -10.47 -11.03 
-10.15 -10.20 -10.50 
-9.85 -9.39 -8.99 
-4.93 -5.67 1 
-5.21 -6.17 2 
-5.50 -6.40 3 
-3.58 -4.62 4 
-11.18 -11.50 1 
-8.63 -7.93 2 
-12.10 -12.60 3 
-11.70 -12.12 4 
-4.93 -5.40 1 
-5.61 -6.78 2 
-6.20 -7.00 3 
-6.13 -6.72 4 
-10.47 -10.92 1 
-11.76 -12.65 2 
-10.90 -11.40 3 
-8.64 -8.33 4 
a. Methods used to calculate log K: 1. the principle of balance of the identical like 
charges, Murray and Cobble (1980), used in this study; 2. the correspondence principle, 
Criss and Cobble (1964), calculated in this study; 3. linear extrapolation method for the 
thermodynamic data set of D'yachkova and Khodakovskiy, 1968); 4. linear extrapolation 
method for the thermodynamic data set of Ahmad et al. (1987). 
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and Khodakovskiy (1968). However, the linear extrapolation method utilizing the 
thermodynamic data set of Ahmad et al.(1987) yield values of log K that are > 2.5 log 
units higher at 100°C and I50°C and > 1 log unit higher at 250°C. 
The significant difference between the equilibrium constants calculated from the 
correspondence principle (Criss and Cobble, 1964a, b) and other methods for the 
reaction: 
HTe~ = Te^~ + H* (12) 
above 200°C is analogous to the poor agreement between the dissociation constants of 
HS" at > 200°C calculated from the correspondence principle and experimentally 
determined values. It would appear that the equilibrium constants derived from the 
principle of balance of the identical like charges are closest in value to those derived from 
the linear extrapolation method utilizing the thermodynamic data set of D'yachkova and 
Khodakovskiy (1968). Values of log K are within 1.2 log units for all four reactions 
except: 
HzTeOj = HTe02 + H* (13) 
at temperatures higher than 250°C where there is 1.6 log units difference at 300°C. 
The stability fields of aqueous tellurium species and native tellurium are plotted in 
log f02-pH space at 150°, 200°, 250° and 300°C for a range of total dissolved tellurium 
content (ETe) (Fig, 1). Although the ETe content of natural hydrothermal solutions are 
unknown, values of 0.1, 1 and 10 ppb were chosen because they cover the range of 
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contents of tellurium in the Earth's crust and natural water (Sindeeva, 1964; Wedepohl, 
1978; Govett, 1983). The topology of the system Te-O-H in f02-pH space is similar to 
that previously determined by Ahmad et al. (1987) and Jaireth (1991). HTe", Te2^", and 
HTeOj" are the three most important species in fluids near neutral pH conditions. With 
an increase in the ETe and a decrease in temperature, the stability field of increases 
at the expense of all other species. It forms a prominent field at f02 conditions 
intermediate between HTeOg" (forms at iOi values higher than the hematite-magnetite 
buffer) and HTe" (stable under reduced conditions). Note that Te2^" is unstable when 
ETe is below 1 ppb at 300°C, 0.16 ppb at 250°C, 0.01 ppb at 200°C and 0.0004 ppb at 
ISO'C. 
The stability of native tellurium expands in f02-pH space as the ETe increases and 
temperature decreases. Native tellurium is stable over a range of pH conditions that 
overlaps the stability fields of kaolinite and sericite. Native tellurium coexists with 
sericite in natural environments, however, the assemblage native tellurium-kaolinite-
quartz is rare. The stability of native tellurium also overlaps f02-pH conditions that are 
approximately the same as pyrite (Figure 1). 
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STABILITIES OF GOLD AND SILVER TELLURIDES 
Gold and silver are thought to be carried in hydrothermal solutions as aqueous 
chloride and bisulfide species (e.g., Seward, 1973, 1976, 1984; Gammon and Barnes, 
1989; Shenberger and Barnes, 1989; Hayashi and Ohmoto, 1991). It is unclear, 
however, whether aqueous gold- or silver-tellurium complexes are important species in 
the formation of gold-silver telluride deposits, even though Seward (1973) speculated that 
gold may complex with Te2^". Despite Seward's speculation, three gold-bearing species, 
AUCI2', HAu(HS)2° and Au(HS)2', and two silver-bearing species, AgClz' and Ag(HS)2', 
are considered to be the most important aqueous gold and silver species in the formation 
of gold and silver tellurides at elevated temperatures. Thermodynamic data for these 
species and other thermodynamic data necessary to calculate equilibrium constants in the 
system Au-Ag-Te-Cl-S-O-H are listed in Table 4 and 7. 
Total dissolved gold content (EAu) of 0.1 to 1 ppb and total dissolved silver content 
(SAg) of 1 to 10 ppb in the system are used for the calculations because these values are 
typical of modem geothermal systems (Table 8). Thermodynamic data are available only 
for two gold and silver tellurides, calaverite and hessite. Their stabilities have been 
calculated in log f02-pH space (Figures 2, 3, 4, and 5). 
Table 7. Equilibrium constants (log K) of basic reactions 
TCO 
Reaction 
25 
1. HjS = HS + H+ -6.99 -6.75 -6.61 -6.80 -7.17 
2. HSO4 = SO42- -t- H+ -1.99 -2.25 -2.85 -3.53 -4.25 
3. HSO4- + H+ = H2S + 2 02(g) -127.55 -115.95 -97.28 -82.75 -71.04 
4. H2O = H2(g) + 1/2 02(g) -41.55 -37.68 -31.52 -26.84 -23.18 
5. H2(g) = H2(aq) -3.10 -3.13 -3.13 -3.05 -2.91 
6. Au + 1/2 02(g) + H+ = Au+ + 1/2 HjO -7.81 -7.08 -5.89 -4.94 -4.17 
7. Au+ 4- 2 CI- = AUCI2 9.0 8.4 7.5 6.9 6.4 
8. Au + HjS + HS = Au(HS)2- + 1/2 H2(g) -5.57 -4.56 -3.21 -2.39 -1.89 
9. Au + 2 H2S = HAu(HS)2® + 1/2 H2(aq) 
10. Au(HS)2' + H+ = HAU(HS)2° 
11. Ag+ + 2 CI" = AgClz" 
12. Ag + 1/4 02(g) 4- H+ = Ag+ 4- 1/2 H2O 
13. 1/2 Ag2S + 1/2 H2S + HS- = AgCHSV 
14. 2 H2S 4- 02(g) = S2(g) 4- 2 H2O 
15. AgzTe 4- 1/2 S2(g) = Ag2S 4- 1/2 Teg^g) 
16. Te2(g) 4- 2 H2O = 2 HjTe 4- 02(g) 
17. AuTe2 4- H2O = Au 4- 2 H2Te 4- 02(g) 
18. Ag2Te 4- H2O = 2 Ag 4- HzTe 4- 1/2 02(g) 
a. References; 1. Murray and Cubicciotti, 1983; 2. This study; 3. Drummond, 1981; 4. Helgeson, 1969; 5. Shenberger 
and Barnes, 1989; 6. Hayashi and Ohmoto, 1991; 7. Seward, 1976; 8. Gammon and Barnes, 1989. 
5.18 4.82 4.46 4.45 4.80 
7.27 6.74 6.01 5.44 5.06 
-3.82 -3.62 -3.26 -2.91 -2.55 
59.44 54.52 46.52 40.28 35.32 
-3.38 -3.10 -2.66 -2.32 -2.08 
-94.70 -87.00 -74.64 -65.13 -57.58 
117.51 -107.38 -91.15 -78.70 -68.84 
-64.49 -59.07 -50.40 -43.76 -38.51 
250 300 ReP 
-7.64 -8.18 1 
-4.97 -5.70 1 
-61.62 -52.93 1 
-20.22 -17.80 2 
-2.69 -2.41 3 
-3.52 -2.97 4 
6.2 6.2 4 
-1.56 -1.35 5 
-5.15 -5.15 6 
5.30 5.63 6 
4.84 5.41 7 
4.74 4.50 4 
-2.32 -2.11 8 
31.20 27.76 2 
-1.88 -1.72 2 
-51.43 ^.32 2 
-60.84 -54.20 2 
-34.27 -30.76 2 
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Table 8. Gold and Silver Contents in Geotiiernial Water (ppb) 
Au Ag Reference 
0.04-4 0.25 - 40 Weissberg, 1979 
0.70 - 30 White, 1981 
1.5 8 Brown, 1986 
The Stability of Calaverite in the System Au-Te-Cl-S-O-H 
Equilibrium constants for reactions in the system Au-Te-Cl-S-O-H at 150°, 200°, 
250° and 300°C were derived from data in Table 4 and Table 7, and are listed in 
Table 9. The stability fields of calaverite and native gold are shown in fOj-pH space for 
EAu of 0.1 and 1 ppb in Figure 2a, b, a and d. These diagrams are constructed 
assuming a total dissolved sulfur content (ES) = 0.01 m, a value typical of a 
hydrothermal solution (Barnes, 1979) and a CI" content (mcr) = 1.0 m (equivalent to 
approximately 6 weight percent NaCl and typical of the chloride content of fluids 
responsible for the formation of epithermal precious metal deposits), and a ETe of 1 ppb. 
Figure 3 has been constructed for the same conditions except that EAu is 1 ppb and the 
ES are 0.01 and 0.001 m. 
Figures 2 and 3 show that the major gold-bearing species responsible for the 
formation of calaverite are Au(HS)2" and HAu(HS)2®. The stability field of calaverite 
occupies a field in log f02-pH space that overlaps the magnetite-hematite and pyrite-
hematite equilibrium boundaries. At 300°C, calaverite has a very limited stability field 
Table 9. Equilibrium constants (log K) used for construction of phase diagrams in the system Au-Te-Cl-S-O-H 
Reaction 
TCC) 
150 200 250 300 
1. AuTe2 + 3/2 HjO + 9/4 02(g) + H+ + 2 CI" = AuCI '^ + 2 H2Te03 
2. AuTe2 + 3/2 HjO + 9/4 + 2 Cr = AuClj" + 2 HTeOg + H+ 
3. AuTez + 2 HSO4- + 2 H+ + 3/2 H2O = HAu(HS)2® + 2 HzTeOg + 7/4 Og^g) 
4. AuTej + 2 SO/" + 4 H+ + 3/2 HjO = HAu(HS)2° + 2 HgTeOg + 7/4 02(g) 
5. AuTe2 + 2 HSO4- + 3/2 HgO = HAu(HS)2° + 2 HTeOg + 7/4 02(g) 
6. AuT^ + 2 HSO4- + 2 H+ + 3/2 H2O = HAu(HS)2° + 2 H2Te + 19/4 02(g) 
7. AuTe2 + 2 HSO4- + 1/2 HjO = HAu(HS)2° + + 17/4 02(g) 
8. AuTe2 + 2 SO42- + 2 H+ + 1/2 H2O = HAu(HS)2° + + 17/4 02(g) 
9. AuTe2 + 2 HSO4 + 3/2 H2O = AuCHS^ + 2 HTeOg + H+ + 7/4 02(g) 
10. AuTez + 2 SO42- + H+ + 3/2 HjO = Au(HS)2- + 2 HTeOg" + 7/4 02(g) 
11. AuTe2 + 2 SO42- + H+ + 3/2 H2O = AuCHS^ + 2 HTe + 19/4 p2(g) 
12. AuTe2 + 2 SO42- + H+ + 1/2 H2O = Au(HS)2- + W" + 1^/4 02(g) 
13. Au + 1/4 02(g) + H+ + 2 Cl- = AUCI2- + 1/2 H2O 
14. Au + 2 H2S + 1/4 0|2(g) = HAu(HS)2° + 1/2 H2O 
15. Au + 2 H2S + 1/4 Oz(g) = AuCHSV + H+ + 1/2 H2O 
16. Au + 2 HS- + 1/4 02(g) + H+ = AuCHS^ + 1/2 H2O 
17. Au + 2 SO42- + 3 H+ = Au(HSV + 15/4 0(2(g) + 1/2 H2O 
18. HAu(HS)2° + 4 02(g) + 2 CI- = auci2' + 2 HSO4 + H+ 
19. HAu(HS)2® = Au(HS)2- + H+ 
20. AuTe2 + 2 H2O + 2 02(g) = Au + 2 H2Te03 
21. AuTez 2 H2O + 2 02(g) = Au + 2 HTeOj- + 2 H+ 
22. AuTe2 + 2 H2O + 2 02(g) = Au + 2 TeO^^ + 4H+ 
23. AuTej + 2 HjO = Au + + 2 H+ + 1/2 Ojjg) 
55.56 
46.96 
-102.12 
-95.06 
-110.72 
-234.42 
-208.29 
-201.23 
-116.28 
-109.22 
-240.32 
-206.77 
1.96 
9.81 
4.24 
17.84 
-154.20 
157.83 
-5.39 
53.59 
44.99 
24.79 
-52.57 
49.27 
40.13 
-87.14 
-78.64 
-96.28 
-203.02 
-182.06 
-173.56 
-101.65 
-93.15 
-208.45 
-178.93 
2.23 
7.90 
2.53 
16.87 
-131.05 
136.56 
-5.22 
47.04 
37.90 
17.48 
^7.88 
44.48 
34.62 
-75.14 
-65.20 
-85.00 
•177.78 
-161.35 
-151.41 
-90.40 
-80.46 
-183.10 
-156.79 
2.68 
6.31 
0.92 
16.20 
-112.38 
119.70 
-5.30 
41.79 
31.94 
11.00 
-44.41 
40.75 
29.95 
-63.38 
-51.98 
-74.18 
-155.10 
-142.85 
-131.45 
-79.78 
-68.38 
-160.62 
-137.03 
3.23 
4.97 
-0.62 
15.74 
-95.08 
104.08 
-5.63 
37.51 
26.71 
4.87 
-41.95 
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(pH = 3.3 to 8.8 and log f02 = -31 to -27). However, at lower temperatures the 
stability field of calaverite expands considerably. Although pH does not appear to be an 
important factor in controlling the stability of calaverite, f02 is important. An increase 
in f02, across the pyrite-hematite or pyrite-magnetite equilibrium boundaries will induce 
the precipitation of calaverite between 150° and 300°C (Figure 2 and 3). An order of 
magnitude variation of ZTe, EAu, mcr and ES results only in small shifts (< 1.2 log 
units in fO^ in the boundaries between calaverite and all aqueous gold species. 
The Stability of Hessite in the System Ag-Te-Cl-S-O-H 
Equilibrium constants from 150° to 300°C for reactions necessary to construct 
log f02-pH diagrams in the system Ag-Te-Cl-S-O-H were derived from data in Table 4 
and Table 7, and are listed in Table 10. The stability field of aqueous tellurium and 
silver-bearing species are shown in log f02-pH space along with the solid phase hessite 
and native silver (Figure 4). This figure is constructed for ETe = 1 ppb, ES = 0.01 m 
and mcr = 1.0 m, and values of total dissolved Ag (EAg) = 1 and 10 ppb for the 150°, 
200°, 250° and 300°C. It illustrates that AgCl2' dominates at high f02 and low pH 
conditions, whereas Ag(HS)2' dominates under relatively reduced and near-neutral to 
alkaline conditions. These observations are in agreement with the Ag2S solubility 
experiments of Gammon and Barnes (1989). Native silver is restricted to high pH 
conditions for a very wide range of f02 values over the temperature range 150°-300°C, 
Table 10. Equilibrium constants (log K) used for construction of phase diagrams in the system Ag-Te-Cl-S-O-H 
TCO 
Reaction 
1. AgjTe + 2 + 4 Cr = 2 AgClz' + HjTe 
2. AgjTe + H+ + 4 Cr = 2 AgCIj" + HTe" 
3. Ag2Te + 2 H+ + 3/2 02(g) + 4 CI" = 2 kgCl-f + HiTeOj 
4. AgjTe + H+ + 3/2 Ojjg) + 4 Cr = 2 AgClz" + HTeOg 
5. AgjTe + 3/2 02(g) + 4 Cr = 2 AgClz" + TeO^  ^
6. Ag2Te + H+ + 1/4 02(g) + 4 CI" = 2 AgCl2- + 1/2 Te2 -^ + 1/2 H2O 
7. 1/2 Ag2Te + 2 H2S = AgCHS  ^ + 1/2 HTe + 3/2 H+ 
8. 1/2 Ag2Te + 2 HS" + 1/2 H+ = AgCHS  ^ + 1/2 HTe 
9. 1/2 Ag2Te + 2 SO^ '^ + 5/2 H+ = AgCHS  ^ + 1/2 HTe + 4 02(g) 
10. AgjTe + 4 SO42- + 5 H+ = 2 AgCHS  ^+ 1/2 Tej^ " + 31/4 q2(g) + 1/2 HgO 
11. AgjTe + 4 H2S + 1/4 02(g) = 2 AgCHS  ^ + 1/2 Te;^ ' + 3 H+ + 1/2 H2O 
12. AgjTe + 4 HS" + H+ + 1/4 02(g) = 2 AgCHS  ^ + 1/2 Tcj^ ' + 1/2 H2O 
13. 2 Ag + 2 H+ + 1/2 02(g) + 4 cr = 2 AgClz" + H2O 
14. Ag + 2 H2S + 1/4 02(g) = AgCHSV + 1/2 H2O + H+ 
15. Ag + 2 HS + H+ + 1/4 02(g) = Ag(HS)2- + 1/2 H2O 
16. Ag + 2 SO42- + 3 H+ = AgCHSV + 7/2 Ojjgj + 1/2 H2O 
17. AgCV + 2 H2S = Ag(HS)2- + 2 H+ + 2 Cl-
18. AgjTe + H2O = 2 Ag + HTe" + H+ + 0.5 02(g) 
19. AgjTe + H2O = 2 Ag + T '^ + 2 H+ + 0.5 02(g) 
20. AgjTe + 02(g) + H2O = 2 Ag + HTeO/ + H+ 
21. AgjTe + 02(g) + H2O = 2 Ag + TeOj^ " + 2 H+ 
150 200 250 300 
-23.98 -18.79 -15.11 -10.94 
-27.69 -23.07 -20.05 -16.61 
42.17 39.15 36.21 34.92 
37.87 34.58 31.28 29.52 
27.77 24.37 20.81 18.60 
-10.91 -8.31 -6.90 .^82 
-18.94 -18.46 -18.43 -18.63 
-5.34 -4.12 -3.15 -2.27 
-177.38 -152.04 -131.73 -113.09 
-337.98 -289.32 -250.30 -214.38 
-21.09 -22.16 -23.70 -25.45 
6.11 6.52 6.86 7.27 
19.78 19.72 19.16 19.82 
4.80 2.93 1.18 -0.41 
18.40 17.27 16.46 15.95 
-153.64 -130.65 -112.12 -94.87 
-5.09 -6.93 -8.40 -10.32 
-47.46 -42.80 -39.20 -36.42 
-58.51 -53.83 -50.38 -47.92 
18.09 14.86 12.12 9.70 
7.99 4.65 1.65 -1.22 
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whereas the stability field for hessite decreases in size with increasing temperature and 
becomes restricted to alkaline conditions at f02 values that overlap the hematite-magnetite 
buffer above 250°C. Even though ES, ETe, and mcr will have an affect on the stability 
of hessite, temperature appears to be the most important parameter to affect its stability. 
It must be emphasized that the stability field of hessite will be restricted by the stability 
fields of stuetzite (Agg.^Teg) and empressite (AgTe) but due to the lack of thermodynamic 
data these fields cannot be determined. 
Cerargyrite (AgCl) and argentite/acanthite (Ag2S) are two additional solid phases in 
the system Ag-Te-Cl-S-O-H. Gammons and Barnes (1989) showed that AgCl is stable 
only at high f02-low pH conditions whereas Ag2S is stable at f02-pH conditions that 
overlap the stability fields of pyrite and hessite. The hessite-argentite/acanthite equilibria 
is 
+ 1 /2  + 1 /2  Sgas  (14)  
and cannot be drawn on Figure 4 because it is neither pH nor f02 dependent. 
System Au-Ag-Te-Cl-S-O-H 
Figure 5 shows the combined stability fields of calaverite and hessite derived from 
Figures 3 and 4. The stability fields of calaverite and hessite overlap at temperatures 
< 300°C near the hematite-magnetite-pyrite triple point. The overlap increases in size 
as temperature decreases. For the conditions utilized in the construction of Figures 3 and 
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4, hessite and calaverite have discrete fields of stability at temperatures of approximately 
300"C and higher. 
For an accurate construction of the system Au-Ag-Te-Cl-S-O-H in f02-pH space, the 
stability fields of sylvanite (AuAgTe^, petzite (Ag3AuTe2), krennerite ([Au,Ag]Te2), and 
uytenbogaardtite (Ag3AuS2) should also be included but are omitted due to the absence of 
thermodynamic data for these minerals. 
The Stability of Calaverite and Hessite 
Phase relations in the system Au-Ag-Te are critical to understanding the stability of 
calaverite and hessite. In natural systems, gold and silver tellurides commonly form late 
in the paragenetic sequence between 100° and 300°C from hydrothermal fluids of 
variable salinity (Table 11). The following minerals in the system Au-Ag-Te have been 
identified, native gold, native silver, native tellurium, electrum, sylvanite, petzite, 
calaverite, krennerite, hessite, stuetzite, empressite, muthmannite, and an unnamed 
mineral Ag^ gTe. Muthmannite is rare in nature and has been observed only in supergene 
ores (Spiridonov and Chvileva, 1986). Ag^ gTe was recently reported at Buckeye Gulch, 
Colorado (Pohl and Beaty, 1990) and appears to be the 7-phase of Kiukkola and Wagner 
(1957), Cabri (1965), Kracek et al. (1966), and Legendre et al. (1980). Montbrayite 
(Au2Te3) has also been identified in nature but appears to be stabilized by trace amounts 
of Sb. When synthesized experimentally it breaks down to gold and calaverite (Bachechi, 
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Table 11. Au-Ag-Te Mineralogy and Fluid Inclusion Characteristics of Au-Ag 
Telluride Deposits 
Mine Stage' Au-Ag-Te 
Mineralogy^ 
Fluid Inclusion 
Th^ & Salinity 
Reference 
Ashanti, 
Ghana 
Ila Au, Pet, Hes 
Syl, Cal, S tu 
165°-220°C 
»5 eq. wt% NaCl 
Bowell et al., 1990 
lib Au, Pet, Syl 
Hes 
Ms^-ns-c 
»5 eq. wt% NaCl 
Gies, 
Montana 
II Kre, Syl, S tu 222''-282''C 
6-7 eq. wt% NaCl 
Zhang & Spry, 1991 
This Study 
III Kre, Syl, S tu 
Hes, Te, Au 
185=-242"C 
6-8 eq. wt% NaCl 
Bessie G, 
Colorado 
Kre, Syl, Pet 
Hes, Au 
130°-170''C 
2-9 eq. wt% NaCl 
Saunder & May, 1986 
Ajax, 
Colorado 
IV Cal lOS'-lSQ^C 
1-4 eq. wt% NaCl 
Thompson et al., 1985 
Globe Hill, 
Colorado 
II Cal 199°-211°C Thompson et al., 1985 
Golden 
Sunlight, 
Montana 
lb 
III 
Cal, Au 
Kre, Syl, Pet 
130''-230"'C 
0-1 eq. wt% NaCl 
Porter & Ripley, 1985 
Emperor, 
Fiji 
II 
IV 
Cal, Te, Kre 
Syl, Pet 
Syl, Au, Pet 
Hes, Emp 
200''-205''C'* 
for both stages 
Ahmad et al., 1987 
Tongyoung, 
Korea 
lid 
He 
Au, Hes, S tu 
Hes, S tu, Emp 
Ag 
151 "-209 °C 
1-6 eq. wt% NaCl 
for both stages 
Shelton et al., 1990 
Forgera, 
New Guinea 
II Pet, Cal, Kre 
Au 
180''-360°C Richards et al., 1991 
Richards, 1992 
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Table 11 (continued) 
Kochbulak, 3 ore Au-Ag 1(K)°-220''C Kovalenter et al., 1990 
Kazakhstan stages tellurides 8-23 eq. wt% NaCl 
1. Stage of mineralization 
2. Mineral Names: Au-native gold or electrum; Ag-native silver; Cal-calaverite; 
Emp-empressite; Hes-hessite; Kre-krennerite; Pet-petzite; Stu-stuetzite, Syl-sylvanite; Te-
native tellurium. 
3. Th: homogenization temperature. 
4. Temperature determined from FeS content of sphalerite (no fluid inclusion data 
for telluride stage). 
1972). Because pure Au2Te3 does not appears to be a stable phase in nature, and 
because of the rarity of muthmannite they will not be discussed further. 
Several ternary phase diagrams have been published in the literature depicting the 
stability of minerals in the system Au-Ag-Te. These diagrams have been derived from 
experimental studies (e.g., Markham, 1960; Honea, 1964; Cabri, 1965; Legendre et al., 
1980), and field relations (e.g., Afifi et al., 1988), but are in conflict with each other. 
The experimental studies failed to identify all of the minerals that are observed in nature. 
For example, Markham's (1960) experiments failed to synthesize krennerite and 
empressite (he synthesized stuetzite but called it empressite), whereas the experiments of 
Legendre et al. (1980) were unable to synthesize krennerite, sylvanite, and stuetzite. 
Cabri's (1965) experimental study was extensive but received considerable criticism from 
Petzow and Effenberg (1988) who stated that the work of Cabri "was of little value to 
those concerned with equilibrium relationships in this ternary system because the 
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preparation techniques did not lead to the establishment of equilibrium". Despite Petzow 
and Effenberg's criticism, the ternary phase diagram derived from the experiments of 
Cabri (1965) most closely matches that determined by Afifi et al. (1988) which is based 
upon natural assemblages and compositional analyses. Note that both Cabri (1965) and 
Afifi et al. (1988) excluded empressite from their ternary phase diagrams even though it 
had been synthesized by Honea (1964) and it had been reported in the Empress Josephine 
mine, Colorado (Thompson et al., 1951). Empressite has more recently been reported in 
the Emperor mine, Fiji (Ahmad et al., 1987), and the Tongyoung deposit, Korea (Shelton 
et al., 1990). 
A ternary phase diagram of the system Au-Ag-Te which most accurately represents 
the results of experimental studies and natural assemblages is shown in Figure 6. Note 
that it includes the 7-phase ([Ag, Au]2.xTe, x = 0.09-0.12) but excludes the naturally 
unquenchable phase (Ag^.^ Aui+^Teg) which was only identified in the experiments of 
Cabri (1965). The 7-phase is critical to interpreting natural telluride assemblages because 
hessite, petzite, stuetzite, and sylvanite can conceivably be products of this phase or part 
of primary equilibrium assemblages. 
Despite indications in Figure 5 that calaverite and hessite may occupy overlapping 
stability fields in log f02-pH space, experimental and field relations indicate that these 
two minerals do not coexist. Tie lines between krennerite and petzite, or petzite and 
sylvanite preclude the existence of a tie line between hessite and calaverite (Figure 6). 
Coexisting calaverite and hessite has not been reported in natural assemblages even 
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though they are present in the same ore stages at some mines (e.g., stage III at the 
Emperor mine, Fiji, Ahmad et al., 1978). 
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APPLICATION TO THE CONDITIONS OF FORMATION OF THE GIES 
GOLD-SILVER TELLURIDE DEPOSIT, JUDITH MOUNTAINS, MONTANA 
The stability of calaverite or hessite where used in conjunction with other physical 
and chemical parameters can be used to constrain the conditions of formation of a given 
ore deposit. This has been attempted for the Gies gold-silver deposit where hessite, in 
addition to other gold-silver tellurides, occurs in two stages of ore formation. 
The Gies deposit is an epithermal vein system that occurs along the contact between 
Cretaceous-Tertiary alkaline intrusive rocks and sedimentary rocks of Cambrian-
Cretaceous age in the Judith Mountains, Montana. Zhang and Spry (1991) have 
identified 36 minerals in four stages of mineralization. Hessite, stuetzite, sylvanite and 
krennerite are associated with stage II, and native tellurium, native gold, hessite, 
krennerite, sylvanite, and stuetzite are associated with stage III. Fluid inclusion studies 
suggest that stage III mineralization formed between 222° and 282°C (average = 
256°C), whereas stage III mineralization formed between 185° and 237°C (average = 
220°C) (Table 11). 
As an example of how the stability of either hessite or calaverite can be used to help 
constrain the conditions of ore formation, stage III mineralization was chosen. An 
f02-pH diagram has been constructed at 220°C for the following conditions: ES = 0.01 
m, EC (total dissolved carbon in the system) = 1.0 m, mNa+ = 1.0 m, mK'*'= 0.1 m, 
mca2+ = 0.01 m (Figure 7). Values of ES and EC chosen are typical of those for 
150 
hydrothermal ore deposits (Ohmoto, 1972, 1986; Barnes, 1979). The cation 
concentrations are equivalent to a salinity of 6.3 equivalent weight percent NaCl. The 
cation ratios are chosen for the Gies deposit because sodium chloride is the dominant 
species in the ore-forming fluid, and these ratios are appropriate to epithermal gold 
deposits. 
Hessite is the most common silver-bearing telluride in the Gies deposit and occurs in 
quartz veins in a variety of assemblages including hessite-gold, hessite-tetrahedrite/ 
tennantite-chalcopyrite-pyrite, hessite-stuetzite-sylvanite, hessite-galena-altaite, 
hessite-galena-sphalerite-pyrite, and hessite-sylvanite. In addition to quartz, other gangue 
minerals coexisting with hessite include sericite, roscoelite, calcite, and barite. While 
minor kaolinite and rare native tellurium also occur in stage III veins they do not coexist 
with hessite. f02 and pH conditions of stage III mineralization are set by the mutual 
stability of pyrite, chalcopyrite, sericite, quartz, adularia and calcite, and is constrained 
even further when the stability of hessite is taken into account (Figure 7). 
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CONCLUSIONS 
Utilizing the principle of balance of identical like charges (Murray and Cobble, 
1980; Cobble et al., 1982), the stability of the systems Te-O-H, Au-Te-Cl-S-O-H, and 
Ag-Te-Cl-S-O-H have been calculated in f02-pH space at conditions appropriate to the 
formation of epithermal and mesothermal gold-silver deposits. 
The distribution of aqueous species in the system Te-O-H yields a topology that is 
similar to that previously determined by Ahmad et al. (1987) and Jaireth (1991) even 
though the position of boundaries between aqueous species is different from those 
determined in their studies. Aqueous tellurium species that are most important for 
tellurides in equilibrium with sericite and/or K-feldspar are HTeOg' .Teg^', and HTe". 
HTeOg" occurs under oxidizing conditions (higher than hematite-magnetite buffer) 
whereas HTe" is important under reduced conditions. Te2^" is important at oxygen 
fugacity conditions intermediate between HTeOg' and HTe". The stability field of native 
tellurium increases in size in f02-pH space as temperature decreases. Native tellurium 
will not form in epithermal or mesothermal deposits at temperatures >300°C under 
alkaline conditions. 
Several minerals in the system Au-Ag-Te occur in epithermal and mesothermal gold-
silver deposits that form late in the paragenetic sequence. Thermodynamic relations for 
minerals in this system are limited and are restricted to calaverite, hessite, native gold, 
native silver, and native tellurium. These relations show that calaverite is stable in 
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deposits over a wide range of pH conditions at oxygen fugacities that overlap hematite-
magnetite and pyrite-hematite buffers. It can precipitate from ore-forming solutions 
enriched in H2Te03, HTeOg' or but will not precipitate from fluids enriched in 
HjTe, HTe- or Te^'. 
Hessite is stable at f02-pH conditions similar to those for the stability of calaverite, 
however, hessite can form at lower f02 values. Although calculations show that hessite 
can conceivably form at temperatures as high as 300°C, it forms only at pH conditions 
higher than that for the stability of sericite (i.e. in the K-feldspar stability field). Hessite-
kaolinite-quartz is rarely observed in nature. 
Plots of the stability of calaverite and hessite as a function of f02 and pH suggest 
that they can occur at common conditions below 300°C, however, phase relations in the 
system Au-Ag-Te show that hessite and calaverite do not coexist. This is supported by 
field relations. The range of f02-pH conditions shown in Figure 5 for the formation of 
calaverite and hessite represent maximum ranges of stability because of the unknown 
limits of stability of the binary silver tellurides (stuetzite and empressite) and the ternary 
gold-silver tellurides (krennerite, sylvanite, and petzite). Until basic thermodynamic data 
are available for ternary gold-silver tellurides and binary silver tellurides conclusions 
concerning the stabilities of hessite and calaverite must be treated with caution. Despite 
these limitations, the stabilities of calaverite and hessite, where used in conjunction with 
the stabilities of coexisting sulfides and silicates, can be used to constrain the conditions 
of formation of epithermal and mesothermal gold-silver deposits. 
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weight percent Ag 
Figure 6. Ternary Au-Ag-Te diagram showing the phase relationships 
between gold- silver tellurides in the temperature range 
120°-300°C. Constructed according to the experimental data of 
Markham (1960), Cabri (1965), Legendre et al. (1980) and natural 
mineral assemblages and microprobe analyses (Afifi et al., 1988; 
This study). Abbreviations: Cal - calaverite; Emp - empressite; 
Hess - hessite; Kre - krennerite; Pet - petzite; Stut - stuetzite; 
Syl - sylvanite; y - 7-phase. 
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Figure 7. Log f02-pH diagram showing approximate conditions of formation 
during stage III mineralization of the Gies deposit, Montana. The 
shaded area is the area of mutual stability of pyrite, chalcopyrite, 
sericite (or adularia), calcite and hessite. TTie stability field of 
hessite constrain the pH of stage III mineralization. Since 
calaverite does not appear in stage III mineralization, it sets an 
upper limits of log {O2 for this stage. Geochemical parameters 
used in this diagram: ES = 0.01 m, EC = 1.0 m, mca^+ = 0.01 
m, mK+ = 0.01 m, ETe = 1 ppb, EAg = 10 ppb. 
Thermodynamic data for reaction kaolinite-muscovite and 
muscovite-K-feldspar are from Sveijensky et al. (1991). 
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PAPER III 
A QUICKBASIC PROGRAM TO CALCULATE MINERAL STABILITIES AND 
SULFUR ISOTOPE CONTOURS IN log fOz-pH SPACE 
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INTRODUCTION 
Log f02-pH diagrams are commonly used to show mineral stabilities, solubility 
data, and conditions of formation of ore-forming fluids. Such diagrams were 
initially constructed by Barnes and Kullerud (1961) following methods of Garrels and 
Naeser (1958) for aqueous sulfur speciations. Ohmoto (1972), subsequently showed how 
mineral stabilities, aqueous sulfur species, and values of were dependent upon the 
molality of total aqueous sulfur (m^g), cation molality (Na"^, K"*", Ca^"*", Mg^"*"), ionic 
strength (I), and temperature (T) as a function of f02 and pH. Ohmoto (1972) 
superimposed ô^'^S contours and aqueous species in the system S-O-H onto the stability of 
minerals in the system Fe-S-0 and barite. This technique has been used widely to 
illustrate geochemical conditions for the formation of ore deposits (e.g., Bryndzia et al., 
1983; Porter and Ripley, 1985; Spry, 1987a, b). 
Ripley and Ohmoto (1977) developed a FORTRAN program to plot mineral 
stabilities in the system Cu-Fe-S-O-H in terms of log (ESO4/EH2S) vs pH or T. 
Although their program could be modified to plot log f02 vs pH or T, a computer 
program to plot mineral stabilities or ô^'^S values as a function of f02 and pH has never 
been published. A QUICKBASIC program (F02PH) which generates the stabilities of 
minerals in the system Cu-Fe-S-O-H, barite and calcite, as well as ô^'^S values of aqueous 
H2S, sulfides (pyrite, pyrrhotite, chalcopyrite, sphalerite, galena), and sulfates (barite, 
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anhydrite) as a function of log {O2 and pH at temperatures up to 300°C has been 
developed. The theory and algorithms used to calculate the various curves in f02-pH 
space are modified from Garrels and Naeser (1958); Ohmoto (1972); and Ripley and 
Ohmoto (1977) and are discussed below. 
An additional QUICKBASIC program CONSTANT which calculates equilibrium 
constants of mineral-gas-aqueous species reactions utilized in F02PH, as well as other 
reactions which are commonly encountered in hydrothermal geochemistry, are included. 
F02PH can be modified to incorporate the systems K-Al-Si-O-H, Te-O-H and 
Au-Ag-S-Te-Cl-O-H. Thermodynamic data necessary to calculate these systems are 
included in CONSTANT. Equilibrium constants for some aqueous species were 
determined using the principal of balance of identical like charges of Murray and Cobble 
(1980) and Cobble et al. (1982). 
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MINERAL STABILITIES IN fOz-pH SPACE 
System Cu-Fe-S-O-H and Barite 
The system Cu-Fe-S-O-H includes the minerals pyrrhotite (Fe^.^S), pyrite (FeS2), 
hematite (Fe^Og), magnetite (Fe^O^), chalcopyrite (CuFeS2), and bomite (CugFeS^). In 
order to show how to calculate the stability of these minerals, the equilibrium between 
pyrrhotite and pyrite will be used as an example. In f02-pH space, the following 
equilibrium relates pyrrhotite and pyrite: 
FbS2 + H2O = FeS + 1/2 O2 (gas) ^2^(aqueous) ( ^ ) 
which is a combination of 
FeS2 ~ FBS + 1/2 ^ 2(ga3) (^) 
and 
1/2 £'2jtgas) "*• ^2® ~ ^2(gas) * ^ 2^ {aqueous) ) 
The activity of aqueous H2S is a complex function of T, I, m^s, misja+, 111^+, and 
mca2+, since it competes with other aqueous sulfur species, HS", hso4", SO^^', 
KSO4-, NaS04" and CaSO^^. From equilibrium reactions 1 to 7 listed in Table 1, the 
following relationships can be determined: 
Table 1. Selected equilibrium constants of reactions in the system Cu-Fe-S-O-H and C-O-H 
Reaction® 
1. HjS = HS- + H+ 
2. HSO4- = SO4- + H+ 
3. HSO4- + H+ = H2S + 2 02(g) 
4. SO42- + 2 H+ = H2S + 2 p2(g) 
5. NaS04- = Na+ + SO42-
6. KSO4- = K+ + so/-
7. CaS04- = Ca^+ + 804^ 
8. S2(g) 4" 2 H2O = 2 H2S + 02(g) 
9. 5 Cpy + 2 H2S + 02(g) = Bor + 4 Py + 2 HjO 
10. 2 Py + 4 H2O = Hem + 4 H2S + 1/2 02(g) 
11. 3 Py + 6 H2O = Mag + 6 H2S + 02(g) 
12. 3 Po + 1/2 0|2(g) + 3 H2O = Mag + 3 H2S 
13. Py + H2O = Po + HjS + 1/2 02(g) 
14. 3 Hem + 2 Mag + 1/2 C^(g) 
15. Barite (BaS04) = Ba?+ + 804^ 
16. H2CO3 = H+ + HCO3-
17. HCO3- = H+ + CO32-
18. CH4(^ + 2 02(g) = H2CO3 + H2O 
19. Calcite (CaC03) = Ca^+ + CO32-
Temperature (°C) 
Re^ 
25 50 100 150 200 250 300 
-6.99 -6.75 -6.61 -6.80 7.17 -7.64 -8.18 1 
-1.99 -2.25 -2.85 -3.53 -4.25 -4.97 -5.70 1 
-127.55-115.95 -97.28 -82.75 -71.04 -61.62 -52.93 1 
-125.56-113.70 -94.43 -79.22 -66.79 -56.65 -47.23 1 
-0.84 -0.89 -1.06 -1.28 -1.54 -1.84 -2.15 2 
-0.89 -0.95 -1.14 -1.38 -1.67 -2.00 -2.34 2 
-2.15 -2.23 -2.49 -2.84 -3.24 -3.70 -4.18 2 
-59.42 -54.49 -46.47 -40.27 -35.30 -31.18 -27.74 3,4 
104.48 87.59 65.88 53.87 46.13 39.78 34.49 3 
-72.75 -65.94 -54.77 -46.06 -39.02 -33.15 -28.21 3 
-126.33-114.52 -95.21 -80.19 -68.09 -58.03 -49.60 3 
15.33 14.23 12.63 11.54 10.75 10.12 9.58 3 
-47.22 -42.92 -35.95 -30.58 -26.28 -22.71 -19.73 3 
-34.41 -31.22 -26.09 -22.20 -19.13 -16.62 -14.57 3 
-9.97 -9.74 -9.59 -9.77 -10.18 -10.76 -11.49 5 
-6.35 -6.28 -6.40 -6.72 -7,19 -7.78 -8.50 6 
-10.34 -10.18 -10.12 -10.26 -10.49 -10.78 -11.13 7 
144.66 132.45 113.01 98.21 86.58 77.17 69.41 2,3 
-8.24 -8.60 -9.34 -10.24 -11.38 -12.97 -15.52 8,9 
a. Abbreviations: Bor - bomite, Cpy - chalcopyrite. Hem - hematite, Mag - Magnetite, Po - pyrrhotite, Py - pyrite. 
b. References: 1. Murray and Cubicciotti, 1983; 2. Drummond, 1981; 3. Calculated from program CONSTANT, this 
study; 4. Schneeberg, 1974; 5. Blount, 1974; 6. Patterson et al., , 1982; 7. Patterson et al., 1984; 8. Cobble et al., 1982; 
9. Robie et al., 1978. 
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<1'so?-> * < V> 
(JC î-)»(Tffjs)*<'oj)' 
"•sof = (7^„;-)'(a„.> (6) 
<"•**' * (Tk.) • (Tjoi"' 
= ("so!-)^ - (7) 
(m^a2+)*(7ca:+)*(7go2-) 
=  ( m ^ - ) *  —  r T T T  ;  =  ^ c « 2 -  *  G  ( 9 )  
CaSO^' "'CaSO; 
CaSO^ so; ^°4 
where 
(7*3-) *(2#+) 
(^ //2s) * (thjs) 
<''so?-'*<V) 
c = " 
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D = 
E = 
(7n^.)*(7KOM7so2-) 
(&.+)* (Yya*)*(Tgo2-) 
F = 4 
(«CaZ*) * ("/caZ*) * ( W-) 
G = 4 
(^CaSO°^ * ^^CaSO°^ 
and 7 denotes activity coefficient and K equilibrium constant. 7 is a function of 
temperature and ionic strength (I), where the latter can be approximated by the 
expression: 
J  = 0 .5  (m^a+ +  +  4  (10 )  
for most hydrothermal systems. Once temperature and ionic strength is determined, 7  
can be calculated through the extended Debye-Huckel equation (Helgeson, 1969) and K 
can be calculated from regression coefficients in Table 2. Some heat capacity data 
required to determine values of K are derived from the program CONSTANT which will 
be discussed later. 
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Table 2. Regression coefficients of equilibrium constants of reactions at elevated 
temperatures 
Reaction^ 
log K = a + b*T/103 + c*t2/io5 + d^T^/lO"^ + e*T^/10' 
a b c d e 
1 -7.38392 19.4186 -14.8318 3.52115 -0.342530 
2 -1.75215 -8.79947 -2.59348 0.381004 
3 -140.614 560.013 -148.579 23.7634 -1.33065 
4 -138.838 567.640 -144.482 22.6812 -1.22323 
5 -0.792772 -1.25095 -1.55355 0.153395 
6 -0.844644 -1.37781 -1.72746 0.170742 
7 -2.08429 -1.89753 -2.41871 0.239021 
8 -65.1253 244.058 -70.8062 14.3267 -1.33461 
9 93.5529 -388.811 111.418 -21.670 1.95297 
10 -80.5353 335.959 -95.4385 19.2301 -1.78530 
11 -140.108 591.364 -174.802 36.6966 -3.5341 
12 16.6950 -58.9957 23.6515 -5.52412 0.52258 
13 -52.1813 214.045 -63.3082 12.9060 -1.18801 
14 -38.1146 159.942 -48.8254 10.0249 -0.932588 
15 -10.2738 14.7602 -8.81639 0.847721 
16 -6.54826 10.2212 -11.2525 3.01132 -0.373077 
17 -10.6120 14.1419 -12.3301 3.65236 -0.433909 
18 258.829 -612.341 189.597 -39.4347 3.71902 
19 -7.97871 -9.27171 -7.21717 3.79222 -1.04895 
1. See Table 1 for reactions. 
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For mass balance: 
%25 + ^HS- + ""ffso; ""soj- ^ \so^ * %aso; " "caso° = (11) 
where ES denominates total aqueous sulfur in the system. 
Rearranging and substituting the above equations yields: 
« - SS jn^s - T (12) 
l  +  i : + D i « ( l + C + j E ?  +  J ? '  +  G )  ^  '  
For specified mxa+, 01^+, nica2+, and T, in equation 12 becomes a 
function of f02 and aH+ only. 
For reaction 1, can be expressed as a function of K, activity of water 
(aH20), activity coefficient of nijjjg and f02: 
Combining equations 12 and 13 yields: 
^ * (^H2O) _ ss 
(•foj) * (THjS) l + ^ +D*il+C+E+F + G) 
which describes the relationship for reaction 1 in terms of f02 and pH. For a given f02, 
a corresponding pH value can be calculated by equation 14. f02 and pH define a point 
on an equilibrium curve for reaction 1 in f02-pH space. The equilibrium curve can be 
175 
constructed by connecting a series of calculated points. 
The same algorithm can be applied to all reactions in the system Cu-Fe-S-O-H. 
These reactions (reactions 9 to 13 in Table 1), are for bomite-chalcopyrite, pyrite-
hematite, pyrite-magnetite, pyrrhotite-magnetite and pyrite-pyrrhotite equilibria. In 
addition, the hematite-magnetite equilibrium (reaction 14 in Table 1) is listed but this 
reaction is a function of f02 only (pH independent). The stability of barite can also be 
calculated in the same way, since the solubility of barite (equation 16 in Table 1) is a 
function of activity of SO^^". 
The procedure for calculating the solubility of calcite is analogous to that for 
sulfide-oxide mineral reactions in the system Cu-Fe-S-O-H. Activities of aqueous carbon 
species, including H2CO3, hco3', COg^' and CH^^^q), are functions of ÎO2 and pH and 
can be described by equilibrium equations 16 to 18 in Table 1. By analogy to aqueous 
sulfur species, there exist the following relationships: 
Solubility of Calcite 
(15) 
%2C03 = ^;,C03 * (16) 
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(7H2CO3) * 
* (Xc».) • (ycH,) • (W 
and for mass balance 
sc 
"3 1 + A(a^O + AB(1+C) (a^o 
where 
(T^n2-) 
'CO, A = ^ 
B = 
C = 
* (7H2CO3) 
(TffjCOa) * (ë#2o) 
(17) 
se = %2C03 + %co; " ^CO#- •*• ""CH, (18) 
where EC denominates total aqueous carbon in the system. 
Rearranging equation 18 yields: 
V  = .  .  . . .  >  .  > 2  (19) 
(^0^4) * (TCH4) * (^O;) 
The solubility of calcite can be described by reaction 19 in Table 1. For reaction 
19, 
"^ cot " * (7ca2-) * (7co^-) 
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By combining equations 19 and 20: 
K _ ZC 
(^ca2+) * ('yca2+) * (Tco^-) 1+A(a^0 + AB (1+C) (a^.) ^ 
The solubility of calcite as a function of f02 and pH can be determined for a given T, 
EC, ionic strength (I) and concentration of Ca^"*" in the system. 
178 
SULFUR ISOTOPE DISTRIBUTION IN log fOg-pH SPACE 
Most of the algorithms described in previous sections can be used in calculations 
of ô^'^S isopleths, since the sulfur isotopic composition of a given mineral is not only a 
function of the temperature of the ore-forming fluid, it also depends on other geochemical 
parameters, such as ion strength, Ô^'^S of the total sulfur in the system, f02 and pH of the 
fluid. The molality of H2S and other aqueous sulfur species in log f02-pH space can be 
calculated via equations 4 to 12. From these equations, the molar fraction of each 
aqueous sulfur species can be calculated from: 
= S 
Ohmoto and Rye (1979) have shown that all sulfate species have similar isotopic 
compositions under hydrothermal conditions and can isotopically be treated as the same 
species. Therefore, only three sulfur species, H2S, HS" and ES04^" need to be dealt 
with. ESO^^' here represents all the sulfate species. The sulfur isotopic fractionations 
between H2S and HS", and H2S and ZSO^^', as well as H2S and some common sulfide 
minerals, as functions of temperature are listed in Table 3. 
For mass balance, the Ô^'^S of the total aqueous sulfur (ES) can be expressed: 
«"Sjs - (23) 
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Table 3. Sulfur isotopic fractionation between aqueous H2S and other species (from 
Ohmoto and Rye, 1979) 
T(°C) 
Fractionation^ 
150 200 250 300 
HS" - H2S® -0.94 -0.87 -0.82 -0.78 
SO42- - H2S'' 5.31 4.77 4.35 4.02 
Pyrite - H2S® 2.24 1.79 1.46 1.22 
Pyrrhotite - H2S'' 0.56 0.45 0.37 0.30 
Sphalerite - H2S® 0.56 0.45 0.37 0.30 
Chalcopyrite - H2S^ -0.28 -0.22 -0.18 -0.15 
Galena - H2S8 -3.52 -2.81 -2.30 -1.92 
Sulfate- H2Sh 5.31 4.77 4.35 4.02 
a. 1000 In a(HS- - HgS) = -0.06 (±0.15) * 10® / - 0.6 
b. 1000 In a(SO^^- - H2S) = 5.26 (±0.50)'* 10® / + 6.0 
c. 1000 In «(pyrite - H2S) = 0.40 (±0.08)* 10® / 
d. 1000 In «(pyrrhotite - H2S) = 0.10 (±0.05)* 10® / 
e. 1000 In «(sphalerite - H2S) = 0.10 (±0.05)* 10® / 
f. 1000 In «(chalcopyrite - H2S) = -0.05 (±0.05)* 10® / 
g. 1000 In «(galena - HjS) = -0.63 (±0.05)* 10® / 
h. 1000 In «(sulfate - H2S) = 5.26 (±0.50)* 10® / + 6.0 
Equation 23 can be rewritten in the following form: 
«"Sjs = * V- 4. » AS0|-.X^j^2<24) 
where AHS" and ASO<^^' are isotopic fractionations between HS" and H2S, and SO^^' and 
H2S, respectively, which can be approximated by: 
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ANS- -
ASO^- = 
Since 
^H2S * ^ HS' •*• ^Tisol' ~ ^  
equation 24 can be rewritten to 
f3*S2s  =  +  àHS-*X^^.  +  ASOJ-*X^^^2-  (25 )  
From equation 25, it is possible to calculate values of H2S, if the ô^'^S value of ES 
(Ô^'^Sjs) is known, since other parameters can be calculated from equation 22 (XHS* and 
X2%o^^') and isotopic fractionation equations in Table 3. If 8^'^S values of H2S and ES 
are known, their relationship with f02 and pH can be solved through equations 4-12 and 
21-25. 
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CONSTANT; EQUILIBRIUM CONSTANTS OF MINERAL-GASEOUS-AQUEOUS 
PHASE REACTIONS 
For a given reaction, at temperature T, the equilibrium constant K of a reaction 
can be expressed by: 
1=9 = -273ÏÏ3^ < 
where AH29g® and AS298° are enthalpy and entropy change of the reaction at 298 K, 
respectively, and ACp is heat capacity change of the reaction. 
Experimental and theoretical data of AH2gg°, AS29g° and Cp for a large amount of 
mineral, aqueous and gaseous species are available (Helgeson, 1969; Helgeson et al., 
1978; Naumov, 1974; Mills, 1974; Robie et al., 1978; Wagman et al., 1982; Pankratz, 
1982; Pankratz et al., 1987; Herman, 1988; Shock et al., 1988, 1989, 1990; Johnson et 
al., 1992). An internally consistent set of thermodynamic data at 298 K that are used 
here are listed in Table 4. 
Experimentally determined heat capacities of mineral and gaseous phases at 
elevated temperatures can usually be expressed by: 
Cp = a + b * 10-3 * r - ^ (27) 
2,2 
Unfortunately, heat capacity data for aqueous species at high temperatures are generally 
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Table 4. Thermodynamic data of substances at 298 K 
Coefficient of Heat Capacity^ 
Name AH293 AG298 ^298 —————Ref^ 
H20(L) 
H20(^ 
02(g) 
T% 
-68.315 -56.690 16.718 18.014 1 
-57.795 -54.634 45.106 6.895 2.882 -0.240 1 
0 0 49.005 7.230 1.006 0.452 1 
0 0 31.207 6.456 0.838 0.165 1 
38.330 26.970 61.870 8.600 1.186 0.242 1 
^2(E) 30.710 19.027 54.506 8.343 0.64 0.683 1 
C H ®  
^(s) 
y®(s) 
AU(s) 
Pynte 
-4.930 -7.996 49.151 7.541 3.21 0.290 2 
-94.051 -94.258 51.070 10.843 2.076 2.299 1 
-17.880 -12.122 44.518 5.650 11.440 -0.460 3 
0 0 7.661 8.174 -3.434 1.556 1 
0 0 11.880 4.515 5.374 -0.020 1 
0 0 11.350 5.410 1.520 -0.189 4 
-41.00 -38.259 12.647 16.461 3.346 2.320 2 
Pyrrhotite -23.81 -23.880 14.415 -80.385 199.956 -29.540 2 
Hematite -197.00 -177.420 20.89 23.470 19.268 3.927 1 
Magnetite -267.30 -242.660 34.93 19.063 53.872 -0.813 1 
Chalcopyrite -45.50 -45.550 29.87 21.192 12.406 1.780 5,2 
Bomite -90.90 -93.827 86.60 48.668 37.088 0.906 5,2 
Galena -23.50 -23.097 21.800 11.534 1.806 0.023 2 
Acanthite -7.40 -9.294 34.355 18.411 4.980 1.489 2 
Altaite -16.40 0 26.30 11.280 2.690 0 6 
Hessite -8.60 0 36.70 13.389 23.215 0 6 
Calaverite -4.45 0 33.87 15.200 8.930 -0.412 6 
Barite -352.10 -325.50 31.60 33.748 0 8.381 7 
Calcite -288.57 -269.80 21.92 23.832 6.434 5.157 7 
Kaolinite -982.22 -905.61 48.53 72.770 29.200 21.52 8 
K-spar -949.19 -895.37 51.13 76.617 4.311 29.945 8 
Muscovite -1427.4 -1336.3 68.80 97.560 26.380 25.440 8 
Quartz -217.66 -204.66 9.91 10.660 9.023 2.394 8 
Albite -939.68 -886.31 49.51 61.700 13.900 15.010 8 
H+ 0 0 0 9 
OH" -54.97 -37.58 -2.57 9 
H2S(aq) 
US-
-9.49 -6.65 28.92 9 
-4.21 2.89 15.01 9 
HSO/ -212.08 -180.67 31.50 9 
SO42- -217.32 -177.95 4.80 9 
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Table 4 (continued) 
Ba^+ -128.50 -134.03 2.29 
Ca^+ -129.74 -132.31 -12.69 
HjTe 18.6 21.4 33.7 
HTe" 16.6 25.0 14.7 
Te2- 24.2 41.6 -15.3 
HgTeO] -132.6 -113.4 52.2 
HTeOj- -133.0 -108.1 33.2 
TeO/- -127.3 -93.5 3.2 
Te2^ 27.2 38.97 15.4 
C02(aq) -98.90 -92.25 28.10 
H2CO3 -167.22 -148.92 44.79 
HCOg- -165.39 -140.24 21.80 
COj^- -161.84 -126.15 -13.60 
9 
9 
3 
3 
3 
3 
3 
3 
10 
3 
3 
3 
3 
1. Heat capacity (Cp) = a + b * 10'^ * T - c * 10^ / 
2. Reference: 1. Pankratz (1982); 2. Pankratz et al. (1987); 3. Naumov et al. 
(1974); 4. Okamoto (1987); 5. King et al. (1973); 6. Mills (1974); 7. Robie et al. 
(1978); 8. Helgeson et al. (1978); 9. Wagman et al. (1982); 10. D'yachkova and 
Khodakovskiy (1968). 
lacking and has prevented accurate calculations of the equilibrium constant by equation 
Equilibrium constants of aqueous species can, however, be calculated using the 
principle of balance of identical like charges (Murray and Cobble, 1980; Cobble et al., 
1982). Utilizing the principle of balance of identical like charges, the solution of 
equation 26 has the form; 
26. 
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log JTj. = - 1 ( '^298"^^^298'*'^^P298* (3"* In T -àT)) (28) 2.303i?r 298.15 
Conversely, if the equilibrium constant of an aqueous reaction is known, the average heat 
capacity change of the reaction for the temperature range from 298 K to T can be 
calculated by: 
If the heat capacities of all but one species involved in a reaction are known, the heat 
capacity of this species can subsequently be solved. For example, for the aqueous H2S 
dissociation reaction: 
equilibrium constants (Murray and Cubicciotti, 1983) and the heat capacity of H2S 
(Murray et al., 1980) for the temperature range 25°-300°C are known. If a zero heat 
capacity is set for aqueous H"*" (CpH+ = 0) at any temperature, it is possible to calculate 
the average heat capacities of HS' for the temperature range 25°C to T, where T < 
300°C. Utilizing this method, the average heat capacities of 19 aqueous species have 
been calculated (Table 5). 
The computer program (CONSTANT), written in QUICKBASIC, calculates 
equilibrium constants of mineral-gaseous-aqueous phase reactions utilizing equation 26. 
In this program, integrations of the right-hand side of equation 26 are solved in two 
~2.303J?r * log JT/j» — Aff298 ^ 
^CPave ~ ( 2 9 )  
- Ar 
H2S = HS~ + + ( 3 0 )  
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Table 5. Average Cp of aqueous species (Cal/mol » K) 
Temperature range^(°C) 
Species 
50 100 150 200 250 300 
H+ 0.00 0.00 0.00 0.00 0.00 0.00 
OH" -18.91 -24.95 -25.75 -27.77 -30.45 -34.45 
H2S 34.00 34.00 34.00 34.00 34.00 34.00 
HS" -53.30 -47.04 -47.38 -47.52 -47.26 -47.19 
HSO4- -100.61 -41.12 -33.16 -32.71 -24.78 -41.71 
SO42- -44.18 -58.21 -66.47 -74.01 -70.87 -90.70 
HzTe 28.40 28.40 28.40 28.40 28.40 28.40 
HTe" -19.83 -23.21 -23.38 -25.52 -28.59 -32.17 
Te^- -58.01 -67.37 -68.38 -72.18 -77.85 -85.51 
HzTeO] 45.20 45.20 45.20 45.20 45.20 45.20 
HTeOg- -10.58 13.23 16.97 16.13 13.10 8.55 
TeOg^" 
Teg^ 
-68.01 -42.83 -34.85 -35.48 -40.53 -49.36 
-65.11 -63.64 -62.67 -64.60 -69.44 -77.39 
CO2 45.00 45.00 45.00 45.00 45.00 45.00 
H2CO3 63.00 63.00 63.00 63.00 63.00 63.00 
HCO3- -20.12 -2.68 -1.61 -2.82 -5.30 -9.31 
co/ 
Ca2^ 
-99.01 -69.25 -67.59 -70.15 -75.12 -83.15 
-40.15 -24.23 -17.27 -19.67 -30.98 -56.19 
Ba^+ 26.59 38.13 46.43 45.39 31.43 36.35 
1. Temperature from 25°C to T°C. 
parts: (1) the heat capacities of phases can be dealt with utilizing equation 27 and 
subsequently solved by: 
ACp dT - dT = (Aa-A6*r) * (3'-298) + - 298^) 
J298 ^ J298 r 2 
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and, (2) the average heat capacity term for aqueous phases can be solved by: 
or - dT = Acp„, . [ ( T-29a) - r.m ^ ?2) 
Utilizing the solutions of these integrations, values of AH2gg and 68293, values of K can 
be calculated for a given reaction. Thermodynamic data for 63 species are listed in Table 
4. Combined with the average heat capacity data in Table 5, equilibrium constants of 
reactions involving these species can be obtained at temperatures up to 300°C. 
Selected equilibrium constants for reactions in the system Cu-Fe-S-O-H at elevated 
temperatures calculated by CONSTANT, as well as other published data, are listed in 
Table 1, along with coefficients of polynomial regression of these constants in Table 4. 
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APPENDIX 1. PROGRAM LIST 
1. Program F02PH 
DECLARE SUB inputs (S#, C#, mM, mNa#, mCsJt, vdBsJf) 
DECLARE SUB inputf02 (fOstart#, fOend#, range%) 
DECLARE SUB graph (fOstart#, fOend#) 
DECLARE SUB water (aH20#, ion#, T#) 
DECLARE SUB debye (T#, Nion%, charge#0, iion#, alpha#0, gamma#()) 
DECLARE SUB neutral (X#, ion#, T#) 
DEFINTI-N 
DEF FNLOG# (X#) = LOG(X#) / LOG(10#) : DEF FNEXP# (X#) = EXP(X# * LOG(10#)) 
CONST M = 25: CONST N = 255 : A$ = "#####.########": B$ = "#####.##": 
DIM IonName$(M), alpha#(M), charge#(M), LogK$(M), AO#(M), A1#(M), A2#(M), A3#(M), A4#(M) 
DIM gamma#(M), Lf02#(N), f02^(N), ppH(N, M), pH(N), pHl(N), pH2(N), pH3(N) 
COLOR 14, 9: CLS : LOCATE 5, 1 
OPEN "data.az" FOR INPUT AS #1 
LINE INPUT #1, Templ$: LINE INPUT #1, Temp2$ 
FOR I = 1 TO M 
INPUT #1, IonName$(I), alpha#(I), charge#(I) : IF EOF(I) THEN EXIT FOR 
NEXT I : CLOSE #1 : Nion% = I 
OPEN "data.k2" FOR INPUT AS #1 
LINE INPUT #1, Templ$ 
FOR I = 1 TO M 
INPUT #1, LogK$(I), AO#(I), A1#(I), A2#(I), A3#(I), A4#(I) 
IF EOF(l) THEN EXIT FOR 
NEXT I : CLOSE #1 
10 CLS : LOCATE 4, 1 
PRINT "The program calculate the following in log f02-pH field:": PRINT 
PRINT " 1. Mineral equilibrium reactions:" 
PRINT " Hematite-Magnetite" 
PRINT " Hematite-Pyrite" 
PRINT " Magnetite-Pyrite" 
PRINT " Pynhotite-Pyrite" 
PRINT " Pyrrhotite-Magnetite" 
PRINT " Bomite-Chalcopyrite-Pyrite" 
PRINT " Barite precipitation" 
PRINT " Calcite precipitation" 
PRINT " 2. Sulfur isotope distribution" 
PRINT " Aqueous H2S" 
PRINT " Pyrite" 
PRINT " Sphalerite" 
PRINT " Galena" 
PRINT " Sulfates": PRINT 
INPUT "Choose one (1 or 2)"; ans% 
CLS : LOCATE 10, 1 
PRINT "You are about to input some parameters": PRINT 
INPUT " Please press RETURN to continue"; aa$ : PRINT : PRINT 
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INPUT "INPUT the temperature = = >"; T#: PRINT 
CALL inputS(TotalS#, TotalC#, mHJf, mNa#, mCa#, mBa#) 
ion# = .5# * (mK# + mNa# + 4# * (mCa# + mBa#)) : iion# => SQR(ion#) 
T2# = T# * T#: T3# = T# * T2#: T4# = T# * T3# 
D3# = .001# * T#: D5# = .00001# * T2#: D7# = .0000001# * T3#: D9# = .000000001# * T4# 
CALL debye(T#, Nion%, charge#0, iion#, alpha#0. gamma#0) 
gammaHS# = gamnia#(l): gammaHS04# = gamma#(2): gammaS04# = ganuna#(3) 
gaiiunaKS04# = ganuna#(4): gammaK# = gamina#(5) : gammaNaS04# = gamma#(6); gammaNa# = 
gamma#(7) 
gammaCa# = gamma#(8): gammaCaS04# = 1# : gammaBa# = gamma#(9) 
gammaHC03# = gamtna#(10): gammaC03# = gamma#(ll) 
CALL neutral(ganmiaH2S#, ion#, T#) : gamniaH2C03# = gammaHZS#: ganunaCH4# = gammaH2S# 
CALL water(aH20#, ion#, T#) : LaH20# = FNL0G#(aH20#) 
kH2S# = FNEXP#(A0#(1) + Al#(l) * D3# + A2#(l) * D5# + A3#(l) * D7# + A4#(l) * D9#) 
kHS04# = FNEXP#(A0#(2) + Al#(2) * D3# + A2#(2) * D5# + A3#(2) * D7# + A4#(2) * D9#) 
kS04# = FNEXP#(A0#(3) + Al#(3) * D3# + A2#(3) * D5# + A3#(3) * D7# + A4#(3) * D9#) 
kKS04# = FNEXP#(A0#(4) + Al#(4) * D3# + A2#(4) * D5# + A3#(4) * D7# + A4#(4) * D9#) 
kNaS04# = FNEXP#(A0#(5) + Al#(5) * D3# + A2#(5) * D5# + A3#(5) * D7# + A4#(5) * D9#) 
kCaS04# = FNEXP#(A0#(6) + Al#(6) * D3# + A2#(6) * D5# + A3#(6) * D7# + A4#(6) * D9#) 
KH2C03# = FNEXP#(A0#(7) + Al#(7) * D3# + A2#(7) * D5# + A3#(7) * D7# + A4#(7) * D9#) 
KHC03# = FNEXP#(A0#(8) + Al#(8) * D3# + A2#(8) * D5# + A3#(8) * D7# + A4#(8) * D9#) 
KCH4# = FNEXP#(A0#(9) + Al#(9) * D3# + A2#(9) * D5# + A3#(9) * D7# + A4#(9) • D9#) 
LKHem# = A0#(10) + Al#(10) * D3# + A2#(10) * D5# + A3#(10) * D7# + A4#(10) * D9# 
LKMag# = A0#(11) + Al#(ll) * D3# + A2#(ll) * D5# + A3#(ll) * D7# + A4#(ll) * D9# 
LKPo# = A0#(12) + Al#(12) * D3# + A2#(12) * D5# + A3#(12) * D7# + A4#(12) * D9# 
LKBo# = A0#(13) + Al#(13) * D3# + A2#(13) * D5# + A3#(13) * D7# + A4#(13) » D9# 
LKMagPo# = A0#(14) + Al#(14) * D3# + A2#(14) * D5# + A3#(14) * D7# + A4#(14) * D9# 
LKHemMag# = A0#(15) + Al#(15) * D3# + A2#(15) * D5# + A3#(15) * D7# + A4#(15) * D9# 
KCalcite# = FNEXP#(A0#(16) + Al#(16) * D3# + A2#(16) * D5# + A3#(16) * D7# + A4#(16) * D9#) 
KBarite# = FNEXP#(A0#(17) + Al#(17) * D3# + A2#(17) * D5# + A3#(17) * D7# + A4#(17) * D9#) 
CALL inputf02(f0start#, fOend#, range %) 
IF an8% = 1 THEN : GOTO 20 : ELSEIF ans% = 2 THEN GOTO 30 : END IF 
' Mineral Equilibria 
20 CLS ; LOCATE 12, 1 ; PRINT "PROGRAM is in progress, please wait. " 
FOR J = 0 TO range % 
zz# = CDBL(J) / 10# 
Lf02#(J) = izz# + fOstart#) 
f02#(J) = FNEXP#(Lf02#(J)): f02#(J) = f02#(J) * f02#(J) 
aa# = kH2S# * gammaH2S# / gammaHS# 
cc# = kS04# * ganunaH2S# * f02#(J) / gammaS04# 
dd# = ganunaS04# / kHS04# / gammaHS04# 
ee# = mK# * gammaK# * gammaS04# / kKS04# / gammaKS04# 
ff# = mNa# * gammaNa# * gammaS04# / kNaS04# / gammaNaS04# 
gg# = mCa# * gammaCa# * gammaS04# / kCaS04# / gammaCaS04# 
Tempi# = aa# + cc# * dd# 
Temp2# = cc# * (1# + ee# + ff# + gg#) 
LaH2S#(l) = (LKHem# - .5# * Lf02#(J) + 4# * LaH20#) / 4# 
LaH2S#(2) = (LKMag# - Lf02#(J) + 6# * LaH20#) / 6# 
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LaH2S#(3) = LKPo# - .5# * Lf02#(J) + LaH20iy 
LaH2S#(4) = -(LKBo# + Lf02#(J) - 2 * LaH20#) / 2# 
LaH2S#(5) = (LKMagPo# + .5# * Lf02iC(J) + 3# * LaH20(C) / 3# 
Nreaction% = S 
FOR K = 1 TO Nreaction% 
aH2S# = FNEXP#(LaH2S#(K)) : mH2S# = aH2S# / gammaH2S# 
aTemp# = mH2Sif - Totals# : bTemp# = mH2S# * Tempi# : cTemp# = mH2S# * Temp2# 
Test# = bTemp# * bTemp# - 4# "• aTemp# * cTemp# 
IF Test# < 0 THEN ppH(J, K) = -100 ELSE aH# = (-bTemp# - SQR(Test#)) / 2# / aTemp# 
IF aH# < 0 THEN ppH(J, K) = -100 ELSE ppH(J, K) = -FNLOG#(aH#) 
NEXTK 
Teinp3# = mBa# * gammaBa# * ganimaS04# 
aaTetnp# = KBarite# : bbTemp# = KBarite# * Tempi# 
ccTemp# = (KBarite# * Temp2#) - (Temp3# * Totals# * cc#) 
Ttest# = bbTemp# * bbTemp# - 4# * aaTemp# * ccTemp# 
IF Ttest# < 0 THEN pH(J) = -100 ELSE aH# = (-bbTemp# + SQR(Ttest#)) / 2# / aaTemp# 
IF (aH# < 0 OR aH# = 0) THEN pH(J) = -100 ELSE pH(J) = -FNLOG#(aH#) 
IF (pH(J) < 0 OR pH(J) > 14) THEN pH(J) = -100 ELSE pH(J) = pH(J) 
NEXT J 
FOR J = 0 TO range % 
zz# = CDBL(J) / 10# 
Lf02#(J) = -(zz# + fOstart#) 
f02#(J) = FNEXP#(Lf02#(J)): f02#(J) = f02#(J) * f02#(J) 
aa# = gammaC03# / KHC03# / gammaHC03# 
bb# = gammaHC03# / KH2C03# / gammaH2C03# 
tem# = KCH4# * f02#(J) 
cc# = gammaH2C03# * aH20# / gammaCH4# / tem# 
Tempi# = mCa# * gammaCa# * gammaC03# 
aTemp# = aa# * bb# * (1 + cc#) 
bTemp# = aa# 
cTemp# = 1# - (Tempi# * TotalC# / KCalcite#) 
Test# = bTemp# * bTemp# - 4# * aTemp# * cTemp# 
IF Test# < 0 THEN pH3(J) = -100 ELSE aH# = (-bTemp# + SQR(Test#)) / 2# / aTemp# 
IF aH# < 0 THEN pH3(J) = -100 ELSE pH3(J) = -FNL0G#(aH#) 
NEXT J 
FOR I = 0 TO range % 
IF ((Lf02#(I) - 2# * LKHemMag#) > 0) THEN 
join^H = ppH(I, 1): jointf02# = Lf02#(I) 
ppH(I, 1) = ppH(I, 1): ppH(I, 2) = -100 
ELSE 
ppH(I, 1) = -100: ppH(I, 2) = ppH(I, 2) 
END IF 
IF ppH(I, 2) < ppH(I, 3) THEN 
ppH(I, 2) = ppH(I, 2): ppH(I, 3) = -100: ppH(I, 5) = -100 
ELSE 
ppH(I, 2) = -100: ppH(I, 3) = ppH(I, 3): ppH(I, 5) = ppH(I, 5) 
END IF 
IF (ppH(I, 4) < ppH(I, 1)) OR (ppH(I, 4) < ppH(I, 2)) THEN 
ppH(I, 4) = ppH(I, 4) 
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ELSE 
ppH(I, 4) = -100 
END IF 
NEXTI 
CALL graph(fOstart#, fOend#) 
DO UNTILINKEY$ <> 
LINE (jointpH * 10, jomtf02#)-(140, jomtf02#) ' Hem-Mag 
FOR I = 0 TO range% 
FOR J = 1 TO Nreaction% 
IF ppH(I, J) > 0 THEN LINE (ppH(I, J) * 10, Lf02^(I))-(ppH(I, J) * 10, Lf02^(I)) 
NEXT J 
IF (pH(I) > 0) THEN LINE (pH(I) * 10, Lf02#(I))-(pH(I) * 10, Lf02#(I)) 
IF (pH3(I) > 0) THEN LINE (pH3(I) * 10, Lf02#(I))-(pH3(I) * 10, Lf02#(I)) 
NEXTI 
LOOP 
SCREEN 0: COLOR 14, 9: CLS : LOCATE 15, 1 
PRINT "If you need output files, press (Y), then RETURN;": PRINT 
INPUT "IF you do not need output files, press (N), then RETURN = = > ans$ 
IF ans$ = "N" OR ans$ = "n" THEN GOTO 1000 ELSE GOTO 100 
100 OPEN "l.daf FOR OUTPUT AS #1 
OPEN "2.dat" FOR OUTPUT AS Wl 
OPEN "3.dat" FOR OUTPUT AS #3 
OPEN "4.dat" FOR OUTPUT AS #4 
OPEN "5.dat" FOR OUTPUT AS /C5 
OPEN "6,dat" FOR OUTPUT AS #6 
FOR I = 1 TO range% 
FOR J = 1 TO 3 
IF (ppH(I, J) > 0 AND ppH(I, J) < 14) THEN 
PRINT #1, USING A$; ppH(I, J); Lf02ij'(I) 
FirstFlagf02# = Lf02#(I) 
END IF 
NEXT J 
IF (ppH(I, 4) > 0 AND ppH(I, 4) < 14) THEN 
PRINT #2, USING A$; ppH(I, 4); Lf02#(I) 
SecondFlagf02# = Lf02#(I) 
END IF 
IF (ppH(I, 5) > 0 AND ppH(I, 5) < 14) THEN 
PRINT #3, USING A$; ppH(I, 5); Lf02#(I) 
END IF 
IF (pH(I) > 0 AND pH(I) < 14) THEN PRINT #5, USING A$; pH(I); Lf02#(I) 
IF (pH3(I) > 0 AND pH3(I) < 14) THEN PRINT #6, USING A$; pH3(I); Lf02#(I) 
NEXTI 
PRINT #1, USING A$; 0; FirstFlagf02# 
PRINT #2, USING A$; 0; SecondFlagf02# 
CLOSE #1: CLOSE CLOSE #3 
PRINT #4, USING A$; jointpH; jointf02# 
PRINT #4, USING A$; 14; jomtf02f 
CLOSE #4: CLOSE #5: CLOSE #6 
INPUT "Calculate sulfur isotope ? (Y) or (N) "; ask$ 
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IF ask$ = "N" OR ask$ = "n" THEN GOTO 1000 ELSE GOTO 30 
' Isotope H"****************************'!"#**** 
30 CLS : LOCATE 10, 1 
PRINT "You can choose one of the following four sulfur-bearing species" 
PRINT "to calculate its Delta-S34 distribution in log f02-pH plane": PRINT 
PRINT " 1. H2S(aqueous)" 
PRINT " 2. Pyrite" 
PRINT " 3. Sphalerite" 
PRINT " 4. Galena" 
PRINT " 5. Sulfate (Barite, Anhydrite etc.)": PRINT 
INPUT "Choose one (enter the code of the species) = = > "; ans%: PRINT 
INPUT "INPUT: Delta S34 of this species = = >"; S34# 
CLS : LOCATE 12, 1 
INPUT "INPUT: Delta S34 of the Total S = = > "; TotS34# 
TK# = T# + 273.15#: TK2# = TK# * TK# 
DelHS# = -60000# / TK2# - .6#: DelS04# = 5260000# / TK2# + 6# 
DelPy# = 400000# / TK2#: DelSph = 100000# / TK2#: DelGa# = -630000# / TK2# 
SELECT CASE ans# 
CASE 1: S34H2S# = S34# 
CASE 2: S34H2S# = S34# - DelPy# 
CASE 3: S34H2S# = S34# - DelSph# 
CASE 4: S34H2S# = S34# - DelGa# 
CASE 5: S34H2S# = S34# - DelS04# 
END SELECT 
Deltas# = S34H2S# - TotS34# 
IF (Deltas# > -DelHS# OR DeltaS# < -DelS04#) THEN 
CLS : LOCATE 12, 1: PRINT " Your input data:": PRINT 
PRINT " DeltaS34 (mineral) - DeltaS34 (total Sulfur)": PRINT 
PRINT " is impossible.": PRINT 
INPUT " Please RE-ENTER your data. Press RETURN to continue."; dum$ 
GOTO 30 
END IF 
IF Deltas# = 0# THEN DeltaS# = -.001# ELSE DeltaS# = DeltaS# 
CLS : LOCATE 12, 1 
PRINT "PROGRAM is in progress, please wait. " 
FOR J = 0 TO range% 
zz# = CDBL(J) / 10# 
Lf02#(J) = -(zz# + fOstart#) 
f02#(J) = FNEXP#(Lf02#(J)): f02#(J) = f02#(J) * f02#(J) 
aa# kH2S# * gammaH2S# / gammaHS# 
cc# = kS04# * gammaH2S# * f02#(J) / ganunaS04# 
dd# = gammaS04# / kHS04# / gammaHS04# 
ee# = mK# * gammaK# * gammaS04# / kKS04# / gammaKS04# 
ff# = mNa# * gammaNa# * gammaS04# / kNaS04# / gammaNaS04# 
gg# = mCsJf * gammaCa# * gammaS04# / kCaS04# / gammaCaS04# 
Tempi# = aa# + cc# * dd# 
Temp2# = cc# * (1# + ee# + ff# + gg#) 
Tempi 1# = DelHS# * aa# + DelS04# * cc# * dd# 
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Temp22iC = DelS04# * cc# * (1# + ee# + ff# + gg#) 
aTemp# = DeltaS# 
bTemp# = DeltaS# * Tempi# + Tempi 1# 
cTemp# = Deltas# * Temp2# + Temp22# 
Test# = bTemp# * bTemp# - 4# * aTemp# * cTemp# 
IF Test# < 0# THEN 
pHl(J) = -100: pH2(J) = -100 
ELSE 
aHl# = (-bTemp# + SQR(Test#)) / 2# / aTemp# 
aH2# = (-bTemp# - SQR(Test#)) / 2# / aTemp# 
END IF 
IF aHl# < 0# THEN pHl(J) = -100 ELSE pHl(J) = -FNLOG#(aHl#) 
IF aH2# < 0# THEN pH2(J) = -100 ELSE pH2(J) = -FNL0G#(aH2#) 
NEXT J 
FOR J = range % TO 1 STEP -1 
IF pHl(J) < 0 THEN pHl(J - 1) = pHl(J) 
NEXT J 
CALL graph(fOstart#, fOend#) 
DO UNTIL INKEY$ <> 
FOR J = range* TO 0 STEP -1 
IF aTemp# > 0 AND (pHl(J) > 0 AND pHl(J) < 14) THEN 
LINE (pHl(J) * 10, Lf02#(J))-(pHl(J) * 10, Lf02#(J)) 
END IF 
NEXT J 
FOR J = 0 TO range % 
IF (pH2(J) > 0 AND pH2(J) < 14) THEN 
LINE (pH2(J) * 10, Lf02#(J))-(pH2(J) * 10, Lf02#(J)) 
END IF 
NEXT J 
LOOP 
SCREEN 0: COLOR 14, 9: CLS : LOCATE 15, 1 
PRINT "If you need output files, press (Y), then RETURN;": PRINT 
INPUT "IF you do not need output files, press (N), then RETURN = = > ans$ 
IF ans$ = "N" OR ans$ = "n" THEN GOTO 1000 ELSE GOTO 300 
300 PRINT : INPUT "Output File Name = = > name$ 
OPEN name$ FOR OUTPUT AS #1 
FOR J = range* TO 0 STEP -1 
IF aTemp# > 0 AND (pHl(J) > 0 AND pHl(J) < 14) THEN 
PRINT #1, USING A$; pHl(J); Lf02#(J) 
END IF 
NEXT J 
FOR J = 0 TO range* 
IF (pH2(J) > 0 AND pH2(J) < 14) THEN 
PRINT #1, USING A$; pH2(J); Lf02#(J) 
END IF 
NEXT J 
CLOSE #1 
400 OPEN "input.dat" FOR OUTPUT AS #3 
PRINT #3, "Temperatute = : PRINT #3, USING B$; T# 
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PRINT #3, "Ion Strength = "; 
PRINT #3, "Delta-S34 (Total S) 
PRINT #3, "Delta-S34 of species = 
PRINT #3, 'mK+ 
PRINT #3, "mNa+ 
PRINT #3, "mCa+ + 
PRINT #3, "mBa+ + 
PRINT #3, "Total dissolved Sulftir = 
PRINT #3, "Total dissolved Carbon = 
PRINT #3, "following output data files 
' l.dat for Hem-Mag-Po-Py" 
' 2.dat for Bor-Cpy-Py" 
' 3.dat for Mag-Po" 
' 4.dat for Hem-Mag" 
5.dat for barite" 
6.dat for Calcite" 
" 7.dat for sulfur isotope" 
PRINT m, USING B$; ion# 
: PRINT #3, USING B$; TotS34# 
: PRINT #3, USING B$; S34H2S# 
PRINT #3, USING A$; mK# 
I PRINT #3, USING A$; mNa# 
: PRINT #3, USING A$; mCa# 
: PRINT 1^3, USING A$; mBa#: 
: PRINT #3, USING A$; Totals# 
: PRINT #3, USING A$; TotalC# 
PRINT #3, 
PRINT #3, "
PRINT #3, "
PRINT #3, "
PRINT #3, "
PRINT #3, " 
PRINT #3, " 
•PRINT 
CLOSE #3 
1000 PRINT : 
IF answer$ = 
10000 END 
INPUT "More calculation ? (Y) or (N) "; answer$ 
"Y" OR answers = "y" THEN GOTO 10 ELSE GOTO 10000 
DEFSNG I-N 
SUB debye (T#, Nion%, charge#(), iion#, alpha#(), gamma^O) 
T2# = T# * T#: T3# = T# * T2#: T4# = T# * T3# 
D3# = .001# * T#: D5# = .00001# * T2#: D7# = .0000001# * T3#: D9# = .000000001# * T4# 
A# = .512144# - 1.13612# * D3# + 3.4718# * D5# - 1.75238 * D7# + .333889# * D9# 
B# = .325337# + .0793621# * D3# + .143473# * D5# - .0644803# * D7# + .0114498 * D9# 
beta# = .0428049# - .0962915# * D3# + .199187# * D5# - .072107# * D7# 
FOR I = 1 TO Nion% 
ganuna#(I) = -A# * charge#(I) * charge#(I) * iion# 
ganuna#Q = gamma#(I) / (1# + alpha#(I) *B#* iion#) + beta# * ion% 
ganmia#(I) = FNEXP#(gamma#(I)) 
NEXT I 
END SUB 
SUB graph (fOstart#, fOend#) 
SCREEN 9 
fOstart = CINT(fOstart#): fOend = CINT(fOend#) 
ran% = (fOend • fOstart) / 5 - 1 
VIEW (100, 10)-(550, 250), 12, 1 
WINDOW (0, -f0end)-(140, -fOstart) 
FOR I = 1 TO 13 
LINE (10 * I, -f0end)-(10 * I, -fOend + .5#) 
NEXT I 
FOR 1=1 TO ran% 
LINE (0, -fOead + 5* I)-(2, -fOend + 5*1) 
NEXT I 
LOCATE 20, 40: PRINT "pH": LOCATE 19, 41: PRINT "7" 
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LOCATE 19, 13: PRINT "0": LOCATE 19, 69: PRINT "14" 
LOCATE 10, 1: PRINT "log f02" 
LOCATE 1, 9: PRINT-fOstarl: LOCATE 18, 9: PRINT -fOend 
LOCATE 22, 1: PRINT "press any key to continue " 
END SUB 
DEFINTI-N 
SUB inputi02 (fOstart#, fOend#, range %) 
50 CLS : LOCATE 10, 1 
PRINT "INPUT Oxygen fugacity (enter integer numbers) PRINT 
PRINT " You can enter absolute value of log f02 (e.g. 30 and -30 " 
PRINT " are considered as -30 by computer); " 
PRINT " It doesn't matter to enter high f02 value first OR" 
PRINT " low f02 value first. The computer will adjust accordingly. " 
PRINT " Do not attempt to use log f02 range greater than 25," 
PRINT " otherwise you are asked to input log f02 again.": PRINT 
INPUT" FROM = = >":ini% 
INPUT" TO = = >";final% 
range % = ABS(mi% - final %) * 10 
IF ranged > 250 THEN 
CLS : LOCATE 15, 1 
PRINT " YOUR input of the range of log f02 > 25, TRY AGAIN.": PRINT : PRINT 
GOTO 50 
END IF 
IFABS(ini%) < ABS(final %) THEN 
fOstart# = ABS(CDBL(ini%)) : fOend# = ABS(CDBL(final%)) 
ELSE 
fOstart# = ABS(CDBL(final%)) : fOend# = ABS(CDBL(ini%)) 
END IF 
END SUB 
DEFSNG I-N 
SUB inputs (Totals#, TotalC#, mK#, mNa#, mCa#, mBa#) 
CLS : LOCATE 10, 1 
PRINT "Input chemical data, please USING molal unit" : PRINT 
INPUT "INPUT: total sulfur in the system = = > "; Totals#: PRINT 
INPUT "INPUT: Total Carbon in the system = = > "; TotalC# 
CLS : LOCATE 10, 1 
INPUT "INPUT: mK+ = = > "; mK#: PRINT 
INPUT "INPUT: mNa+ = = > mNa#: PRINT 
INPUT "INPUT: mCa++ = = > "; mCa#: PRINT 
INPUT "INPUT: mBa++ = = > mBa# 
END SUB 
SUB neutral (X#, ion#, T#) 
T2# = T# * T#: T3# = T# * T2#: T4# = T# * T3# 
Tempi# = -.7944830201999999# + 3,598014883# * ion# - .0000009433# * T# 
Temp2# = Tempi# - 1.8395350711# * ion# * ion# - .0000136098# * T2# 
Temp3# = Temp2# + .0001133749# * ion# * T# + .3175818606# * ion# * ion# * ion# 
199 
Temp# = Temp3# + .000000039# * T3# - .0004620397# * ion# * ion# * T# 
X# = Temp4# + .0000058337# * ion# * T2# 
END SUB 
SUB water (aH20#, ion#, T#) 
T2# = T# * T#: T3# = T# * T2#: T4# = T# * T3# 
temp# = 1.0088608801# - .0378920436# * ion# - .0001183852# * T# 
temp# = temp# - .00044428571# * ion# * ion# + .0000003345# * T2# 
aH20# = temp# + .000041095# * ion# * T# 
END SUB 
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2. Program CONSTANT 
CLS : DEFINT I-N| : CONST N = 80 : aa$ = "\ \": zz$ = "mttmmM* 
DIM Name$(N), Cp#(20, N), IonName$(N), IonType%(N), H298#(N), G298,y(N), S298#(N) 
DIM a#(N), M(N), c»(N), ref$(N), AveCp#(20, N), RightCp#(N), Rcode%(N), Rco#(N) 
DIM LeftCp#(N), Lcode%(N), Lco#(N), RTotAji'(N), RTotB#(N), RTotC#(N), LTotA#(N), LTotB#(N), 
LToO(N) 
DIM TK#(N), DeltaG#(N), Klog#(N) 
LOCATE IS, 1: PRINT "Program is in progress, please wait." 
OPEN "avecp.daf FOR INPUT AS #1 : LINE INPUT #1, Title$ 
FOR I = 1 TON : INPUT #1, Name$(I) 
FOR K = 2 TO 7 : INPUT #1, Cp#(K, I) : NEXT K 
IF EOF(l) THEN EXIT FOR : NEXT I : CLOSE #1 : matchstep% = I 
OPEN "thermo.dat" FOR INPUT AS ffl : LINE INPUT #1, Title$ 
FOR I = 1 TO N 
INPUT #1, IonName$(I), IonType%(I), H298#(I), G298^(I), S298/C(I) 
INPUT #1, a#(I), W(I), c#(I), ref$(I) : IF EOF(l) THEN EXIT FOR 
NEXT I : CLOSE )C1 : Nion% = I 
FOR I = 2 TO 7 : FOR K = 1 TO matchstep% : FOR J = 1 TO Nion% 
IF IonType%(J) = 1 THEN 
IF IonName$(J) = Name$(K) THEN AveCp/!'(I, J) = Cp#(I, K) 
END IF 
NEXT J : NEXT K : NEXT I 
CLS : LOCATE 20, 1 
INPUT "Numeber of species at RIGHT side of the equation = = >", M 
PRINT : PRINT : PRINT "Code number of the Species" 
FOR I = 1 TO Nion% 
PRINT USING 'mmr-, I; : PRINT " "; : PRINT USING aa$; IonNarae$(I); 
NEXT I: PRINT : PRINT 
RightH# = 0#: RightG# = 0#: Rights# = 0# 
FOR I = 1 TO M 
PRINT "INPUT the Code of Number"; I; "species" 
INPUT "Code = = >", Rcode%(I) 
INPUT "Coefficient = = >", Rco#(I) 
RightH# = RightH# + H298#(Rcode%(I)) * Rco#(I) 
RightG# = RightG# + G298#(Rcode%(I)) * Rco#(I) 
Rights# = Rights# + S298#(Rcode%(I)) * Rco#(I) 
Rpnt%(I) = lonType % (Rcode % (I)) 
NEXT I 
CLS : LOCATE 20, 1 
INPUT "Numeber of species at LEFT side of the equation = = >", L 
PRINT : PRINT : PRINT "Code number of the Species" 
FOR I = 1 TO Nion% 
PRINT USING "#######"; I; 
PRINT " "; 
PRINT USING aa$; IonName$(I); 
NEXT I: PRINT : PRINT 
LeftH# = 0#: LeftG# = 0#: LeftS# = 0# 
FOR I = 1 TO L 
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PRINT "INPUT the Code of Number"; I; "species" 
INPUT "Code = = >", Lcode%(I) 
INPUT "Coefficient = = >", Lco#(I) 
LeftH# = LeftH# + H298#(Lcode%(I)) * Lco#(I) 
LeftG# = LeftG# + G298#(Lcode%(I)) * Lco#(I) 
Lefts# = Lefts# + S298#(Lcode%(I)) * Lco#(I) 
Lpnt%(I) = lonType % (Lcode % (I)) 
NEXT I 
DeltaH298# = (RightH# - LeftH#) * 1000# 
DeltaG298# = (RightG# - LeftG#) * 1000# 
DeltaS298# = Rights# - LeftS# 
FOR I = 2 TO 7 
RightCp#(I) = 0#: LeftCp#(I) = 0# 
RTotA#(I) = 0#: RTotB#(I) = 0#: RTotC#(I) = 0# 
LTotA#(I) = 0#: LTotB#(I) = 0#: LTotC#(I) = 0# 
FOR J = 1 TO M 
RightCp#(I) = RightCp#(I) + AveCp#(I, Rcode%(J)) * Rco#(J) 
IF Rpnt%(J) = 2 THEN 
RTotA#(I) = RTotA#(I) + a#(Rcode%(J)) * Rco#(J) 
RTotB#(I) = RTotB#(I) + b#(Rcode%(J)) * Rco#(J) 
RTotC#(I) = RTotC#(I) + c#(Rcode%(J)) * Rco#(J) 
END IF 
NEXT J 
FOR J = 1 TO L 
LeftCp#(I) = LeftCp#(I) + AveCp#(I, Lcode%(J)) * Lco#(J) 
IF Lpnt%(J) = 2 THEN 
LTotA#(I) => LTotA#(I) + a#(Lcode%(J)) * Lco#(J) 
LTotB#(I) = LTotB#(I) + b#(Lcod3%(J)) * Lco#(J) 
LTotC#(I) = LTotC#(I) + c#(Lcode%(J)) * Lco#(J) 
END IF 
NEXT J 
NEXT I 
PRINT : PRINT 
PRINT "Delta-G(298) = "; ; PRINT USING zz$; DeItaG298# 
PRINT "Delta-S(298) = : PRINT USING zz$; DeltaS298# 
PRINT "Delta-H(298) = : PRINT USING zz$; DeltaH298# 
PRINT : PRINT " Temperature"; " Log K" : PRINT 
TK#(1) = 298.15#: DeltaG#(l) = DeltaG298# 
Klog#(l) = -DeltaG#(l) / 1.987# / 2.3025851# / TK#(1) 
PRINT USING zz$; TK#(1) - 273.15#; Klog#(l) 
FOR I = 2 TO 7 
TK#(I) = (I - 1) * 50# + 273.15# 
aa# = TK#(I) - 298.15# 
bb# = LOG(TK#(I) / 298.15#) 
aaajjf = TK#(I) * TK#(I) 
bbb# = 298.15# * 298.15# 
cc# = aaa# - bbb# 
dd# = 1# / TK#(I) - 1# / 298.15# 
ee# = 1# / aaa# - 1# / bbb# 
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Tempi# = aa# - TK#(I) * bb# 
Tenjp2# = (cc# / 2# - TI«(I) * aaji^ / 1000# 
Temp3# = (dd# - TK#(I) * ee# / 2#) * 100000# 
DeltaCp# = RightCp#(I) - LeftCp#(I) 
CpTerml# = DeitaCp# * Tempi# 
TotA# = RTotA#(I) - LTotA#(I) 
TotB# = RTotB#(I) - LTotB#(I) 
Tote# = RTotC#(I) - LTotC#(I) 
CpTenn2# = TotA# * Tempi# + TotB# * Temp2# + TotC# * Temp3# 
DeltaG#(I) = DeltaG298# - aa# * DeItaS298# + CpTennl# + CpTenn2# 
Klog#(I) = -DeltaG#(I) / 1.987# / 2.3025851# / TK#(I) 
PRINT USING zz$; TK#(I) - 273.15#; Klog#(I) 
NEXT I 
PRINT : PRINT : PRINT "If you need an output file, press (Y) or (y), then RETURN" 
INPUT " Otherwise press RETUREN key = = >", ans$ 
IF ansS = "Y" OR ans$ = "y" THEN GOTO 300 ELSE GOTO 1000 
300 PRINT 
INPUT "File name for output file = = > "; Name$ 
OPEN Name$ FOR OUTPUT AS #1 
PRINT #1, " EQUILIBRIUM CONSTANT FOR REACTION": PRINT #1, 
FOR I = 1 TO L 
PRINT #1, USING "##.#"; Lco#(I); : PRINT #1, " : PRINT #1, IonName$(Lcode96(I)); 
IF I = L THEN GOTO 100 
PRINT #1, " + "; 
NEXT I 
100 PRINT #1, " = "; 
FOR I = 1 TO M 
PRINT #1, USING "##.#": Rco#(I); : PRINT #1, " : PRINT #1, IonName$(Rcode%(I)); 
IF I = M THEN GOTO 200 
PRINT #1," + "; 
NEXT I 
200 PRINT #1, : PRINT #1, 
PRINT #1, "Unit: " 
PRINT #1, " cal/MoIe for G and H" 
PRINT #1," cal/Mole.K for S": PRINT #1, 
PRINT #1, "Delta-G (298) = "; : PRINT #1, USING zz$; DeltaG298# 
PRINT #1, "Delta-H (298) = "; : PRINT #1, USING zz$; DeltaH298# 
PRINT #1, "Delta-S (298) = : PRINT #1, USING zz$; DeltaS298# 
PRINT #1, : PRINT #1. 
PRINT #1," T(C)"; " Delta-G";" Log K" 
PRINT #1, 
FOR I = 1 TO 7 
PRINT #1, USING zz$; TK#(I) - 273.15#; DeltaG#(I); Klog#(I) 
NEXT I 
CLOSE #1 
1000 END 
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APPENDIX 2. USRES MANUAL 
1. Program F02PH 
Three files are included in this program: 
1. F02PH.EXE 
2. DATA.AZ 
3. DATA.K2 
F02PH.EXE calculates equilibrium curves for the following reactions as a 
function of log f02 and pH at temperatures up to 300°C: 
Hematite-Magnetite 
Hematite-Pyrite 
Magnetite-Pyrite 
Pyrrhotite-Pyrite 
Pyrrhotite-Magnetite 
Bomite-Chalcopyrite-Pyrite 
and the solubilities of barite and calcite. In addition, this program can calculate values of 
Ô^'^S of sulfides and sulfates as a function of log f02 and pH. 
The data file DATA.AZ lists thermodynamic data of charged species, which are 
used to calculated activity coefficients at a temperature and ion strength defined by the 
user. The data file DATA.K2 lists regression coefficients of equilibrium constants, 
which are used to calculate equilibrium constants of the above mineral-mineral reactions 
at temperature defined by the user. 
To start the program, type F02PH, and press the ENTER key. F02PH.EXE is 
menu driven. The user needs to only follow the prompts to enter necessary data for 
calculation. 
A. Mineral-mineral reaction 
1. Choose to either calculate mineral-mineral equilibria (ENTER 1) or sulfur 
isotope distribution (ENTER 2). 
2. ENTER the following parameters: 
temperature (in °C) 
total sulfur in the system (molal) 
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total carbon in the system (molal) 
total potassium in the system (molal) 
total sodium in the system (molal) 
total calcium in the system (molal) 
total barium in the system (molal) 
Note: The program will automatically calculate ion strength, activity coefficients 
of involved species, activity of water, and equilibrium constants of involved 
reactions at the desired temperature. 
3. The log f02 range will automatically be derived by the program, based on 
the temperature chosen. The total range of log f02 will be 25 log units (-50 to -25 when 
T à 240°C, -55 to -30 when T = 180° -239°C, and -60 to -35 when T < 180°C). 
4. After calculation, the results will be shown as a log f02-pH diagram on the 
monitor. There are six curves: 
1) Hematite-Pyrite/Magnetite-Pyrite/Pyrrhotite-Pyrite (actually three curves, 
but since they are connected to each other, they are combined as one curve) 
2) Bomite-Chalcopyrite-Pyrite 
3) Pyrrhotite-Magnetite 
4) Hematite-Magnetite 
5) Barite 
6) Calcite 
5. If you need output files, there will be six data files: 
1.dat (for Hematite-Magnetite-Pyrite-Pyrrhotite) 
2.dat (for Bomite-Chalcopyrite-Pyrite) 
3.dat (for Pyrrhotite-Magnetite) 
4.dat (for Hematite-Magnetite) 
5.dat (for Barite) 
6.dat (for Calcite) 
Each file contains two columns: pH and the corresponding log f02 values, which can be 
easily interfaced with other graphic software programs to construct a hard copy of the log 
f02-pH diagram (SUGGESTION: the software program GRAPHER is very appropriate). 
6. If the user needs to do more calculations, this can be done easily. BE 
CAREFUL, each time you need output files, the output will automatically be written into 
files l.DAT to 6.DAT, i.e., your previous output files (l.dat to 6.dat) will be erased. It 
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is wise to save those files you need for future use. 
B. Sulfur Isotope Contours 
The following sulfur-bearing species can be plotted in log f02-pH space: 
1. H2S(aqueous) 
2. Pyrite 
3. Sphalerite or pyrrhotite 
4. Galena 
5. Chalcopyrite 
6. Sulfate parité, Anhydrite etc.) 
Calculate one species at a time. 
Input the following data (follow the prompts:) 
1. total sulfur in the system (molal) 
2. total potassium in the system (molal) 
3. total sodium in the system (molal) 
4. total calcium in the system (molal) 
5. Ô^'^S of the species selected 
6. Ô^'^S of the total S 
After calculation, the results will be shown as a curve on the log f02-pH diagram 
shown on the monitor. 
If you need an output file, type a file name following the prompt. This is because 
the user will likely need to calculate several ô^'^S values on one diagram. To avoid 
erasing previous saved output files, it is better to let user choose the file name. The 
output file also has a format of two columns (pH and corresponding values of log f02). 
206 
2. Program CONSTANT 
Three files are included in this program: 
1. CONSTANT.EXE 
2. THERMO.DAT 
3. AVECP.DAT 
CONSTANT. EXE calculates equilibrium constants of a given reaction at seven 
temperatures: 25°, 50°, 100°, 150°, 200°, 250° and 300°C. The species involved in the 
reaction are listed in the data file THERMO.DAT. Presently, thermodynamic data for 52 
species (19 aqueous, 9 gaseous, 23 mineral species and water) are listed in 
THERMO.DAT. Data file AVECP.DAT lists "average heat capacity" data of 19 
aqueous species over a range of six temperatures (25°-50°, 25°-100°, 25°-150°, 25°-
200°, 25°-250°, and 25°-300°C). The user can modify or add thermodynamic data to 
these two data files. To do this, be careful to follow the exact format of the two files 
shown below. 
To start CONSTANT.EXE, type CONSTANT and press the ENTER key. 
CONSTANT.EXE is menu driven. The user needs to only follow the prompts to enter 
necessary data for calculation. An example is shown below. 
Example of calculating equilibrium constants for the reaction: 
H2S = HS* + H+ 
In this reaction, three species are involved. Two species, HS' and H^ are on the right-
hand side and one species, H2S, is on the left-hand side of the equation. 
After starting CONSTANT, the program will ask: 
Number of species on RIGHT side of the equation = = > 
(Since there are two species on the right-hand side of the equation, ENTER 2) 
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Code number of the species 
1 H+ 2 OH- 3 H2Te 4HTe- 5 Te~ 
6 H2Te03 7 HTe03- 8 Te03- 9 Te2- 10 H2S(aq) 
11 HS- 12 HS04- 13 S04- 14 C02(aq) 15 H2C03 
16 HC03- 17 C03~ 18 Ca+ + 19 Ba+ + 20 H20(l) 
21 02(g) 22 H2(g) 23 H20(g) 24 Te2(g) 25 H2Te(g) 
26 S2(g) 27 H2S(g) 28 C02(g) 29 CH4(g) 30 Te(s) 
31 S(s) 32 Au 33 Ag 34 Fe203 35 Fe304 
36FeS2 37FeS 38 CuFeS2 39 Cu5FeS4 40PbS 
41 Ag2S 42 PbTe 43 Ag2Te 44 AuTe2 45 Quartz 
46Kaol 47 Muse 48 Kspar 49 Albite 50 Calcite 
51 Dolomit 52 Barite 
INPUT the code of number 1 species 
Code = = > 
(since the code of HS" is 11, ENTER 11) 
Coefficient = = > 
(since the coefficient of HS' is 1, ENTER 1) 
INPUT the code of number 2 species 
Code = = > 
(since the code of is 1, ENTER 1) 
Coefficient = = > 
(since the coefficient of H"*" is 1, ENTER 1) 
Number of species at LEFT side of the equation = = > 
(Since there is only one species on the left-hand side of the equation, 
ENTER 1) 
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Code number of the species 
1 H+ 2 OH- 3 H2Te 4 HTe- 5Te--
6 H2Te03 7 HTe03- 8 Te03- 9 Te2- 10 H2S(aq) 
11 HS- 12 HS04- 13 S04-- 14 C02(aq) 15 H2C03 
16 HC03- 17 C03- 18 Ca+ + 19 Ba+ + 20 H20(l) 
21 02(g) 22 H2(g) 23 H20(g) 24 Te2(g) 25 H2Te(g) 
26 S2(g) 27 H2S(g) 28 C02(g) 29 CH4(g) 30 Te(s) 
31 S(s) 32 Au 33 Ag 34 Fe203 35 Fe304 
36FeS2 37FeS 38 CuFeS2 39 Cu5FeS4 40 PbS 
41 Ag2S 42 PbTe 43 Ag2Te 44 AuTe2 45 Quartz 
46Kaol 47 Muse 48 Kspar 49 Albite 50 Calcite 
51 Dolomit 52 Barite 
INPUT the code of number 1 species 
Code = = > 
(since the code of H2S is 10, ENTER 10) 
Coefficient = = > 
(since the coefficient of H^S is 1, ENTER 1) 
After calculation, the following results will be shown on the monitor: 
Delta-G (298) = 9539.00 
Delta-H (298) = 5282.00 
Delta-S (298) = -13.91 
Temperature LogK 
25.00 -6.99 
50.00 -6.75 
100.00 -6.61 
150.00 -6.80 
200.00 -7.17 
250.00 -7.64 
300.00 -8.18 
If you need an output file, press (Y) or (y) 
otherwise press RETURN key = = > 
(If the user ne^s an output file, ENTER y) 
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File name for output file = = > 
(ENTER out.dat) 
The file out.dat will look like: 
EQUILIBRIUM CONSTANT FOR REACTION 
1.0H2S(aq) = 1.0 HS- + 1.0 Hi-
Unit: 
cal/Mole for G and H 
cal/Mole. K for S 
Delta-G (298) = 9539.00 
Delta-H (298) 5282.00 
Delta-S (298) -13.91 
T(C) Delta-G Log K 
25,00 9539.00 -6.99 
50.00 9975.80 -6.75 
100.00 11289.28 -6.61 
150.00 13162.77 -6.80 
200.00 15519.16 -7.17 
250.00 18290.84 -7.64 
300.00 21448.64 -8.18 
These temperatures are the only ones shown because of the limitation of the 
thermodynamic method (the principal of balance of identical like charges, Murray and 
Cobble, 1980; Cobble et al., 1982) used to derive heat capacity data of the aqueous 
species. 
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File: THERMO.DAT 
Name, Type 
1 
H298 G298 S298 a b 
H+, 0 0 0 0 0 
OH-, 1 -54.970 -37.582 -2.569 0 0 
H2Te, 1 18.6 21.4 33.7 0 0 
HTe-, 1 16.6 25.0 14.7 0 0 
Te—, 1 24.2 41.6 -15.3 0 0 
H2Te03, 1 -132.6 -113.4 52.2 0 0 
HTe03-, 1 -133.0 -108.1 33.2 0 0 
Te03—, 1 -127.3 -93.5 3.2 0 0 
Te2—, 1 27.2 38.97 15.4 0 0 
H2S(aq), 1 -9.489 -6.652 28.92 0 0 
HS-, 1 -4.207 2.887 15.01 0 0 
HS04-, 1 -212.08 -180.67 31.50 0 0 
S04—, 1 -217.32 -177.95 4.804 0 0 
C02{aq), 1 -98.90 -92.25 28.107 0 0 
H2C03, 1 -167.22 -148.92 44.790 0 0 
HC03-, 1 -165.39 -140.24 21.797 0 0 
C03—, 1 -161.84 -126.15 -13.599 0 0 
Ca++, 1 -129.74 -132.31 -12.691 0 0 
Ba++, 1 -128.50 -134.03 2.294 0 0 
H20(L), 2 -68.315 -56.675 16.709 17. 995 0 
02(g), 2 0 0 49.029 7. 230 1. 006 
H2(g), 2 0 0 31.234 6. 456 0. 838 
H20(g), 2 -57.796 -54.630 45.130 7. 272 2. 492 
Te2(g), 2 38.33 26.97 61.87 8. 599 1. 186 
H2Te(g), 2 23.83 -20.34 54.69 8 .48 2 .88 
S2(g), 2 30.681 18.953 54.536 8. 343 0. 640 
H2S(g), 2 -4.93 -7.996 49.151 7. 541 3 .21 
C02(g), 2 -94.051 -94.254 51.085 10. 843 2. 076 
CH4(g), 2 -17.88 -12.122 44.518 5 .65 11 .44 
Te(s), 2 0 0 11.881 4. 515 5. 374 
S(B) , 2 0 0 7.600 8. 174 —3. 434 
Au, 2 0 0 11.35 5. 409 1. 520 
Ag, 2 0 0 10.170 5. 272 1. 836 
Fe203, 2 -197.00 -177.42 20.89 23 .47 19. 268 
Fe304, 2 -267.30 -242.66 34.93 19. 063 53. 872 
FeS2, , 2 -41.00 -38.259 12.647 16. 461 3. 346 
FeS, 2 -23.81 -23.88 14.415 -80. 385 199. 956 
CuFeS2, 2 -44.453 -44.900 31.15 20 .79 12 .80 
Cu5FeS4, 2 -79.922 -86.704 99.29 49 .76 35 .08 
PbS, 2 -23.50 -23.097 21.80 11. 534 1. 806 
Ag2S, 2 -7.40 -9.294 34.355 18. 411 4. 980 
PbTe, 2 -16.40 -16.05 26.30 11 .28 2 .69 
Ag2Te, 2 -8.60 -9.90 36.70 13. 389 
m
 
CM 
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AuTe2, 2 -4.45 -4.14 33.87 15 .20 8 .93 
Quartz, 2 -217.65 -204.65 9.88 11 .22 8 .02 
Kaol, 2 -982.22 -905.61 48.53 72 .77 29 .20 
Musc, 2 -1427.4 -1336.3 68.80 97 .56 26 .38 
Kspar, 2 -949.19 -895.37 51.13 76. 617 4. 311 
Albite, 2 -939.68 -886.31 49.51 61 .70 13 .90 
Calcite, 2 -288.77 -270.10 22.15 24 .98 5 .24 
Dolomit, 2 -556.86 -517.98 37.09 44 .71 17 .78 
Barite, 2 -352.10 -325.57 31.60 33. 748 0 
c 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.452 
-0.165 
0.094 
0.242 
0.74 
0.683 
0.29 
2.299 
0.46 
-0.020 
1.556 
-0.188 
-0 .222  
3.927 
-.813 
2.32 
-29.54 
1.34 
1.35 
0.023 
1.489 
0 
0 
-0.412 
2.70 
21.52 
25.44 
29.945 
15.01 
6 . 2 0  
10.95 
8.381 
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File: AVBCP.DAT 
Species, 50 100 150 200 250 300 
H+, 0.00 0.00 0.00 0.00 0.00 0.00 
OH-, -31.2 -25.8 -26.0 -27.5 -30.6 -34.5 
H2S(aq), 34.00 34.00 34.00 34.00 34.00 34.00 
HS-, -53.3 -47.0 -47.4 -47.5 -47.3 -47.2 
HS04-, -136.7 -41.2 -33.2 -32.7 -24.8 -41.7 
S04—, -80.8 -58.3 -66.5 -74.3 -70.6 -90.7 
H2Xe, 28.40 28.40 28.40 28.40 28.40 28.40 
HTe-, -19.8 -23.2 -23.4 -25.5 -28.6 -32.2 
Te—, -58.0 -67.4 -68.4 -72.2 -77.9 -85.5 
H2Te03, 45.20 45.20 45.20 45.20 45.20 45.20 
HTe03-, -10.6 13.2 17.0 16.1 13.1 8.6 
Te03—, —68.0 -42.8 -34.9 -35.5 —40.5 -49.4 
Te2—, -65.1 -63.6 -62.7 -64.6 -69.4 -77.4 
C02(aq), 45.00 45.00 45.00 45.00 45.00 45.00 
H2C03, 63.00 63.00 63.00 63.00 63.00 63.00 
HC03-, 31.7 5.0 .4 -2.7 -5.90 -10.1 
C03—, -32.4 -54.2 -57.0 -58.2 -59.8 -63.8 
Ca++, 204.5 -5.7 -14.5 -23.4 -41.6 -71.8 
Ba++, -101.7 -25.9 -4.1 5.5 1.4 19.7 
212 
GENERAL SUMMARY 
Gold-silver telluride mineralization occurs in steeply dipping quartz veins near the 
contact of Late Cretaceous to Paleocene alkalic intrusions and sedimentary rocks of 
middle Cambrian to Late Paleocene age. Major and trace element geochemistry suggests 
that these intrusions were possibly derived from the shallowly-dipping subducting 
Farallon Plate lithosphere or the overlying asthenospheric mantle. 
The vein mineralogy of the Gies gold-silver telluride deposit is complex and 
contains at least 36 minerals, including 6 tellurides and 2 new unidentified minerals. 
Fluid inclusion homogenization temperatures of quartz (270°-318°C, 222°-282°C and 
185-246°C) coincide with three separate stages of quartz formation. Gold-silver telluride 
mineralization is primarily associated with stage III mineralization. Formation 
temperatures for stages I, II, and III are 300°, 260° and 225°C, respectively. A fourth 
stage of minor mineralization may have formed at a temperature < 180°C. The salinity 
of fluids in inclusions for all three stages range from 6 to 8 equivalent weight percent 
NaCl. 
values of the ore-forming fluids range from 5.8 to 9.2 per mil for stage I, 
6.2 to 8.7 per mil for stage II, and 3.6 to 6.2 per mil for stage III. 5D values of the 
fluids range from -91 to -92 per mil for stage I, -88 to -102 per mil for stage II, and -95 
to -115 per mil for stage III. These ôD and data suggest that the ore-forming fluids 
were dominated by magmatic water during stage I and that evolved meteoric water was 
213 
gradually incorporated into magmatic water from stage I through stage III. values 
of sulfides are concentrated in a narrow range from -1.0 to +3.1 per mil and are 
consistent with a magmatic source. 
Thermodynamic modeling shows that the depositional environment for the Gies 
deposit was towards higher pH (pH = 4 to 5 for stage I, 5 to 6 for stage II and 6 for 
stage ni), and lower oxygen fugacity (log f02 » -29 to -31 for stage I, -34 to -36 for 
stage II and -36 to -38 for stage III). While sulfur fugacity decreased systematically from 
stage I to stage III (log fS2 « -9 for stage I, -12 for stage II and -14 for stage III), 
tellurium fugacity increased slightly from log fre2 » -10 for stage II to -9 for stage III, 
and induced precipitation of tellurides. A model of ore deposition, including deep 
circulation of mixed magmatic and evolved meteoric water, sources of metal, sulfur and 
tellurium, and precipitating mechanisms, suggests that the Elk Peak quartz monzonite 
porphyry played an important role in the formation of gold-silver telluride ores in the 
Gies deposit. 
The principle of balance of identical like charges is employed to determine 
equilibrium constants of reactions involving aqueous tellurium species at elevated 
temperatures. Log f02-pH diagrams for the system Te-O-H show that Te2^" is an 
important Te species below 250°C. Native tellurium is a stable phase over a wide range 
of oxygen fugacity and pH conditions at temperatures below 250°C. 
Thermodynamic calculations for the systems Au-Te-Cl-S-O-H and 
Ag-Te-Cl-S-O-H show that both calaverite (AuTe2) and hessite (Ag2Te) are stable 
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primarily at temperatures below 250"C. While the stability of calaverite is insensitive to 
pH, it requires relatively high fOi conditions (near the hematite-magnetite buffer). 
Hessite is stable over a wide range of f02 and pH conditions at temperatures below 
200°C. Calculations also show that the major factors controlling the deposition of gold 
and silver tellurides are a decrease of temperature and an increase oxygen fugacity. 
Two computer programs: CONSTANT and F02PH, have been developed to 
model the geochemical behavior of some common minerals and sulfur isotopes in 
hydrothermal ore deposits. CONSTANT calculates equilibrium constants of reactions 
involving mineral, gaseous and aqueous species at elevated temperatures. A set of 
internally consistent thermodynamic data have been derived. F02PH models mineral 
stabilities and sulfur isotope distribution in f02-pH space, based on the nature of aqueous 
sulfur and carbon speciations, equilibrium of mineral reactions in the system 
Cu-Fe-S-O-H, solubilities of barite and calcite and sulfur isotopic fractionation. These 
log f02-pH diagrams can be used to constrain formation conditions of some common 
minerals and to identify the source sulfur in the hydrothermal environment. Both 
CONSTANT and F02PH have been used to determine f02 and pH conditions for various 
ore-forming stages in the Gies deposit. 
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